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DETAILED ACTION 
Status of the Claims 

The Preliminary Amendment filed January 14, 2002 has been entered. Claims 1- 
16 have been cancelled. Therefore, Claims 17-22 are pending and have been 
considered in this Office Action. 

Claim Rejections - 35 USC § 102 

The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 
form the basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless - 

(a) the invention was known or used by others in this country, or patented or described in a printed 
publication in this or a foreign country, before the invention thereof by the applicant for a patent. 

(b) the invention was patented or described in a printed publication in this or a foreign country or in public 
use or on sale in this country, more than one year prior to the date of application for patent in the United 
States. 

Claims 17 and 18 are rejected under 35 U.S.C. 102(a) as being anticipated by 
Taniguchi et al. (Cancer Res. (1998) 58: 4461-4467). 

Taniguchi et al. teach that the expression of the urokinase receptor gene is 
upregulated in response to contacting factor Vila to human pancreatic cancer cell lines 
that overexpress Tissue Factor (see abstract). Taniguchi et al. teach that the 
upregulation of the urokinase receptor gene can be reversed by coincubating the cells 
with factor Vila and an anti-TF monoclonal antibody (Fig. 4). 

Claims 17-18 and 21-23 are rejected under 35 U.S.C. 102(b) as being 
anticipated by Pendurthi et al. (Proc. Natl. Acad. Sci. (1997) 94: 12598-12603). 
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Pendurthi et al. teach that contacting a fibroblast cell line with factor Vila results 
in the upregulation of the gene encoding poly (A) polymerase (see abstract). Thus, 
Pendurthi et al. meets the limitations of Claims 17-18. Pendurthi et al. indicate that 10 
nM of factor Vila was contacted with the fibroblasts (see Figs. 1 and 2) in the method 
described therein. The method of Pendurthi et al. has the same steps as that of the 
presently claimed invention and uses the same cell type (fibroblasts) and same 
concentration of factor Vila used in the present invention to cause the upregulation of 
Cyr61 (see example 12 of the present Specification). Thus, the method of Pendurthi et 
al., having the same steps and components as that of the presently claimed invention, 
would inherently have the same results (upregulation of Cyr61). Thus, Claims 21-23 
are also anticipated by Pendurthi et al. 

Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the inventor of carrying out his invention. 

Claims 17-23 are rejected under 35 U.S.C. 112, first paragraph, because the 
specification, while being enabling for a method of increasing expression of at least one 
gene in a cell line that constitutively expresses tissue factor, wherein the gene is 
selected from the group consisting of Cyr61, CTFG, dopamine D2 receptor, EST Incyte 
PD 3951 16 and P2U nucleotide receptor, does not reasonably provide enablement for a 
method of regulating the expression of at least one gene in a cell, comprising the step of 
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contacting said cell with a tissue factor agonist or antagonist, under conditions that 
result in a measurable change in said expression. More specifically, the specification 
does not provide enablement for 1 ) using the claimed method to down regulate the 
expression of a gene in a cell by contacting the cell with a tissue factor agonist or 
antagonist, 2) using an antagonist or an agonist other than factor Vila to regulate 
expression of a gene; 3) regulating a gene in a cell other than a cell line that 
constitutively expresses tissue factor or 4) regulating the expression of any gene in any 
cell using antagonists or agonists of tissue factor. The specification does not enable 
any person skilled in the art to which it pertains, or with which it is most nearly 
connected, to use the invention commensurate in scope with these claims. 
Practicing the invention commensurate in scope with the claims would require undue 
experimentation. Factors to be considered in determining whether undue 
experimentation is required, are summarized in In re Wands (858 F2d, 731, 737, 8 
USPQ2d 1400, 1404 (Fed. Cir. 1988)). These factors include (1 ) quantity of 
experimentation, (2) the amount of direction or guidance presented, (3) the presence or 
absence of working examples, (4) the nature of the invention, (5) the state of the prior 
art, (6) the relative skill of those in the art, (7) the predictability or unpredictability of the 
art, and (8) the breadth of the claims. 
Breadth of the Claims: 

Claim 17 encompasses a method of regulating the expression of any gene in 
any cell using any agonist or antagonist of tissue factor. Claim 18 and 19-20 are 
narrowed from claim 17 to define the agonist or antagonist used in the method but are 
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still open to the regulation of any gene in any cell. Claims 21-23 are narrowed from 
claim 17 to define the gene to be regulated but are still open to using any agonist or 
antagonist of tissue factor and using any cell. 
Nature of the Invention: 

The nature of the invention involves the identification of several genes, including 
Cyr61, CTFG, dopamine D2 receptor, EST Incyte PD 395116, and P2U nucleotide 
receptor, that are upregulated in tissue factor expressing cells that are contacted with 
factor Vila, The nature of the invention requires the interaction of tissue factor with its 
agonist (factor Vila) for the upregulation of the genes described. 
Amount of Direction/Guidance Provided and Presence/Absence of Working Examples: 

The present Specification provides guidance and working examples describing 
the upregulation of genes encoding Cyr61, CTFG, dopamine D2 receptor, EST Incyte 
PD 3951 16, the P2U nucleotide receptor, and the urokinase receptor gene. The 
present specification does not provide any guidance or working examples of regulating 
gene expression using any antagonists of factor VII or any agonists other than factor 
Vila. There is also no guidance or working examples of regulating gene expression in 
vivo or using cells that do not express tissue factor. 
State of the Prior Art/Relative Skill of those in the Art: 

As evidenced by Taniguchi et al. and Pendurthi et al. described in the prior art 
rejections above, those of skill in the art were aware at the time of the present invention 
that factor Vila could be used to upregulate gene expression. Taniguchi et al. teaches 
that contacting factor Vila with human pancreatic cell lines that overexpress tissue 



Application/Control Number: 10/051 ,044 p age 6 

Art Unit: 1653 

factor results in increased expression of the gene encoding the urokinase receptor. 
Pendurthi et al. teach that contacting a fibroblast cell line with factor Vila results in the 
upregulation of the gene encoding poly(A) polymerase. However, upregulation of genes 
by factor Vila appears to require tissue factor and proteolitically active factor VII (FVIIa) 
(see Camerer et al. (J. Biol. Chem. (1999) 274(45): 32225-32233 at p. 32231 , Col. 2, 
paragraph 2). Camerer et al. show that while contact of FVIIa to cells expressing tissue 
factor upregulates egr-1 expression, active site inhibited FVIIa did not induce a 
response in egr-1 mRNA (see p. 32229, Col. 1, 3 rd full paragraph). Pendurthi et al. (J. 
Biol. Chem. (2000) 275(19): 14632-14641 ) shows that factor Vila catalytic activity is 
required for the induced expression of Cyr61 and that a factor VII modified with D-Phe- 
L-Phe-L-Arg chloromethyl ketone (active-site inactivated FVIIa) did not induce 
expression of Cyr61 (see Fig. 6 and p. 14633, Col. 1, "Proteins"). A search of the prior 
art indicates that the studies of factor Vila induction of expression have only been in 
vitro and Camerer et al. indicates that it remains to be seen what the physiological 
impact of the in vitro observations will be since many physiological pathways seem to 
be affected by factor Vila (see Camerer et al. (1999), p. 32232, last paragraph). 
Predictability/Unpredictability: 

Regulation of gene expression by contacting a protein to a cell involves many 
different proteins in a signal cascade and is thus very complex. The mechanism of how 
factor Vila upregulates the genes is poorly understood. Thus, the predictability of what 
genes could be regulated, what tissue factor antagonists or agonists could be used to 
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regulate gene expression, and what cells other than cell lines that constituitively express 
tissue factor could be used is highly unpredictable. 
Quantity of Experimentation: 

For the reasons stated above, the quantity of experimentation to practice the 
claimed invention is considered undue. To practice the instant invention in a manner 
consistent with the breadth of the claims would not require just a repetition of the work 
that is described in the instant application but a substantial inventive contribution on the 
part of a practitioner which would involve the characterization of the mechanism by 
which factor Vila, through its contact with tissue factor, upregulates gene expression. It 
is this additional characterization (that is required to predict with a reasonable 
expectation of success what tissue factor agonists or antagonists besides factor Vila 
could be used in the method and what genes could be regulated by the method) that 
constitutes undue experimentation. Thus, the full scope of the claims is not considered 
enabled by the present Specification. 

Claim Objections 

Claims 18-20 are objected to for using the acronyms, FVII and FVIIa in Claims 
18-19. The acronyms are inconsistent with the use of the full name in Claim 19. If 
acronyms are desired, the examiner suggests printing out the full name in the claim in 
which it first appears followed by the acronym in parenthesis. For example, Claim 18 
could recite "factor VII (FVII), factor Vila (FVIIa)" in line 2 and then the acronym could 
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be used in 20. Likewise, Claim 19 should be amended to have the full name of factor 



For the reasons stated above, Claim 22 is objected to for the acronym, CTFG. 
The claim should be amended to include the full name of the gene so that it is clear as 
to what gene is being referred. 



No Claims are allowable. 



Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Holly Schnizer whose telephone number is (571) 272- 
0958. The examiner can normally be reached on Tuesday, Thursday, and Friday from 
8 am to 5:30 pm. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Christopher Low can be reached on (571 ) 272-0951 . The fax phone 
number for the organization where this application or proceeding is assigned is 703- 
872-9306. 

Information regarding the status of an application may be obtained from the 
Patent Application Information Retrieval (PAIR) system. Status information for 
published applications may be obtained from either Private PAIR or Public PAIR. 
Status information for unpublished applications is available through Private PAIR only. 
For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 
you have questions on access to the Private PAIR system, contact the Electronic 
Business Center (EBC) at 866-217-9197 (toll-free). 



Conclusions 



Holl/ Schnizer 
March 18,2004 
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Enhanced Expression of Urokinase Receptor Induced through the Tissue Factor- 
Factor Vila Pathway in Human Pancreatic Cancer 1 
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ABSTRACT 

Overexpression of tissue factor (TF) is characteristically observed in 
advanced pancreatic cancer and has been associated with invasion and 
metastasis. Functional responses of TF activation are here investigated 
using as a model system the human pancreatic cancer cell lines SW979 
(which overexpresses TF) and MIAPaCa2 (which does not express detect- 
able levels). After stimulation of these cell lines with factor Vila (FVIIa), 
the only knovvj^FJigand, expression of urokinase receptor (uPAR) gene 
was up-regulated in SW979 cells in a dose-dependent manner but not in 
MIAPaCa2 cells. Interestingly, urokinase (uPA) and its specific inhibitor 
i; PAI-1 were not up-regulated. Exposure to functionally inactivated FVHa 
gild not show any effect on uPAR expression on SW979 cells despite 
k binding to TF with higher efficiency. The neutralizing anti-TF antibody 
■ SG9 blocked the FVIIa-induced up-regulation of uPAR completely, 
^whereas hirudin failed to block this up-regulation. Treatment of SW979 
•cells with Factor Xa did not up-regulate the expression of uPAR gene, 
whereas treatment with FVH induced the same level of enhanced uPAR 
^gene expression as that with FVIIa. In the matrigel invasion assay, en- 
hanced invasion of SW979 cell line induced by FVIIa was completely 
Inhibited by anti-TF antibody and as-antiplasmin. Moreover, the endog- 
enous levels of uPAR gene expression were significantly correlated with 
; the level of TF gene expression in 19 human cancer cell lines (P < 0.05). 
these data suggest that up-regulation of uPAR expression by tumor cells 
leading to tumor invasion is induced through the TF-FVIIa pathway 
rather than TF-initiated thrombin generation. This is the first report that 
TF may be one of the key receptors that can up-regulate expression of the 
plasminogen activator receptor in human cancer cells to enhance tumor 
invasion and metastasis. 



INTRODUCTION 

TF 3 is a transmembrane glycoprotein that can activate the coagu- 
lation zymogen FVII to the activated form FVIIa. The TF/FVIIa 
complex initiates the coagulation cascade leading to thrombin gener- 
ation. TF is also a genuine receptor inducing an intracellular signal 
|ipon binding of its specific ligand FVII. It has been reported that TF 
is highly expressed in cancer cell lines that show enhanced metastatic 
potential, and it is also involved in the regulation of tumor growth (1, 
2). Most colorectal cancer cell lines express TF, and the sublines 
established from metastatic lesions express higher cellular TF activity 
than the parental lines (3). Functional inhibition of TF using an 
anti-TF antibody results in a significant reduction of the number of 
experimental pulmonary metastases in severe combined immunodefi- 
cient mice (1). However, thus far the mechanism of the increased 
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metastatic potential induced by TF expression or activation is still 
unclear. 

TF is a member of the class II cytokine receptor superfamily that 
includes the IFN ot/p and y receptor (4, 5). The cytoplasmic domain 
of TF is phosphorylated by a protein kinase C-dependent mechanism 
in response to phorbol 12-myristate 13-acetate (6). TF mediates a 
cytosolic Ca 2+ signal upon interaction with FVIIa in J82 cells (7). 
Recently, several reports suggested that the binding of FVIIa to cell 
surface TF may induce transcriptional signaling. The present studies 
have been carried out to examine the hypothesis that the binding of 
FVIIa to TF may trigger the selective expression of genes that are 
involved in the invasive phenotype of cancer cells. 

To identify alterations in gene expression in human pancreatic 
cancer cell lines upon binding of FVIIa to TF, we have studied 
expression of the components of the plasminogen activator system, 
which regulates fibrinolysis, by Northern blot analysis. uPA plays 
an important role in pericellular proteolysis during cell migration 
and tissue remodeling by physiological activation of plasminogen 
to plasmin. Binding of uPA to its receptor, uPAR, accelerates uPA 
activation from an enzymatically inactive proenzyme (pro-uPA). 
Significantly, overexpression of uPAR increased invasion by fa- 
cilitating matrix degradation in a human osteosarcoma cell line (8). 
In human bladder cancer cell lines, both uPAR expression and uPA 
expression are required for cell invasion (9). The expression of 
genes of the plasminogen-activator system is differentially regu- 
lated by inhibitors of protein synthesis and butyrate (10-12). 

In the present study, we found that there was selective overexpres- 
sion of the uPAR gene induced by FVIIa binding to cell surface TF in 
human pancreatic cancer cells. Moreover, the endogenous levels of 
uPAR gene expression were correlated with the expression of TF gene 
in 19 human cancer cell lines. We believe that these observations 
suggest a mechanism by which TF is implicated in tumor invasion and 
metastasis. 

MATERIALS AND METHODS 

Materials. FVIIa and FVIIa/' were provided by Prof. E. G. D. Tudden- 
ham (Medical Research Council Clinical Sciences Center, Imperial College 
School of Medicine, Hammersmith Hospital, London). FVIIa/ was derived 
by the blocking of FVIIa in the active site with D-Phe-L-Phe-L-Arg chlo- 
ro methyl ketone as described previously (13). Recombinant hirudin and 
a 2 -AP were purchased from Sigma- Aidrich Company Ltd. (Poole, UK) 
Murine antihuman TF mAb 5G9 and 10H10 were provided by Dr. W. Ruf 
(Scripps Research Institute, La Jolla, CA; Ref. 14). Mouse antihuman 
uPAR mAb was provided by Dr. F. Lupu and Dr. V. Ellis (Thrombosis 
Research Institute, London). 

Cell Lines. The 9 human pancreatic cell lines and 10 human breast cancer 
cell lines used in this study were obtained from Imperial Cancer Research Fund 
Cell Production Services (Clare Hall Laboratories, London. UK). MIAPaCa2, 
ASPC1, MCF7, T47D, and ZR75-1 were cultured in RPMI 1640 supple- 
mented with 10% FCS and 20 mM L-glutamine in a humidified incubator with 
5% C0 2 in air at 37°C. BxPC3, Capan2, T3M4, CfPacl, SW850, SW979, 
Panel, BT-7, BT-20, MDA-MB231, MDA-MB453, and MDA-MB468 were 
cultured in E4 medium with 10% fetal bovine serum in a humidified incubator 
with 10% C0 2 in air at 37°C. MDA-MB415 and MDA-MB436 were cultured 
in E4 medium supplemented with 10% fetal bovine serum and 10 /xg/ml 
insulin. 
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Flow Cytometry. MIAPaCa2 and SW979 cells were dissociated into sin- 
gle-cell suspension in Ca 2+ /Mg 2+ -free PBS. Cells were then pelleted by 
centrifugation and washed with ice-cold PBS with 0.1% (w/v) BSA and 0.1% 
(w/v) sodium azide (FACS washing buffer) twice. Cells were pelleted again, 
resuspended in FACS washing buffer with the primary antihuman TF mAb 
(10H10) at 50 jig/ml for 30 min, washed twice, and then incubated with 
FTTC-conjugated sheep antimouse IgG (Sigma- Aldrich Ltd., Poole, UK) for 30 
min. Cells were then washed with FACS washing buffer three times and 
resuspended in 500 of FACS washing buffer. Cell-associated fluorescence 
was quantified by flow cytometry with the FACS Vantage flow cytometer 
(Becton Dickinson Labware, San Jose, CA) 

Northern Blot Analysis. The cells were plated at a density of 10 6 cells/ 
100-mm dish and grown to 70-80% confluence in medium supplemented with 
10% FCS. Before being used for stimulation experiments, cells were cultured 
in medium supplemented with 0.5% FCS for 48 h. Total cellular RNA samples 
were isolated from cells using QIAGEN RNeasy kit (QIAGEN Ltd., UK) 
according to the manufacturer's protocol. For Northern transfer, 10 ^tg of each 
RNA sample was denatured, subjected to electrophoresis in 1.2% formalde- 
hyde-agarose gel, and transferred to a Hybond-N+ nylon membrane (Amer- 
sham Life Sciences, Amersham, UK) by capillary transfer. After transfer, RNA 
was cross-linked onto the membrane by UV irradiation. Hybridization was 
performed in Rapid-hyb buffer (Amersham RPN 1636) and heat-denatured 
herring sperm DNA at 64°C for 2 h. The membranes were washed twice with 
2 X SSC-0.1% SDS at 64°C, then once with 1 X SSC-0.1% SDS at 64°C. The 
membranes were autoradiographed against Amersham Hyperfilm at - 80°C for 
2 to 5 days. The human cDNA probes of uPA (600-bp fragment cut by 
EcoRJJHindUl), uPAR (1113-bp fragment cut by XbaVEcoRl), and PAI-1 
(504-bp fragment cut by Pstl), which were subcloned into pBluescript M13+, 
were kindly provided by Dr. M. F. Scully (Thrombosis Research Institute, 
London). Probes were radiolabeled with [a- 32 P]dCTP (Amersham) using a 
DNA Labeling Kit (-dCTP; Pharmacia Biotech). Relative signal intensity was 
determined on a Molecular Imager (Bio-Rad Laboratories, CA94547) using 
Molecular Analyst Software Version 2.1. 

Western Blot Analysis. Cells were washed with ice-cold Ca 2+ /Mg 2+ -free 
PBS, then treated with lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 0.02% 
sodium azide, 1% Triton X-100, 1 /ig/ml aprotinin, and freshly added 100 
/ig/ml phenylmethylsulfonyl fluoride). The lysate was centrifuged at 13,000 
rpm for 10 min at 4°C. The supernatant was collected and electrophoresed on 
a 10% SDS-polyacrylaminde gel, followed by transfer of the proteins onto 
Hybond™ ECL™ Nitrocellulose membrane (Amersham) using a semi-dry 
transfer system. The blots were incubated with antihuman uPAR mAB, and 
bands were detected using the ECL Western blotting system (Amersham) 
according to the manufacturer's protocol. 

Matrigel Migration Assay. SW979 migration was studied using the 
Transwell Cell Culture Chamber (12-mm diameter, 12.0-/jtm pore size) 
purchased from Costar (Cambridge, MA). The chambers were coated with 
Matrigel (Becton Dickinson Labware, Oxford, UK) that was diluted with 2 
volumes of OPTI-MEM (Life Technologies Ltd., Paisley, UK). Two X 10 5 
cells were seeded with 500 fi\ of medium supplemented with 0.5% FCS and 
incubated in 10% C0 2 at 37°C for 72 h; then the matrigel on the upper 
surface of the filters was removed. The filters were fixed with 100% 
methanol and stained with H&E. The number of cells that had migrated to 
the lower surface was counted in six random fields using a light microscope 
(X400). 

Statistical Analysis. Statistical analysis of matrigel migration assay was 
performed by using ANOVA and unpaired Student's / test. The Kruskal- 
Wallis test was done for determination of correlation of gene expression. 
All statistics were performed in two-sided tests. P < 0.05 was considered 
significant. 



RESULTS 

In Northern blot analysis, TF mRNA, especially the 2.2- and 3. 1-kb 
species, was highly expressed in SW979, T3M4, ASPC1, and CfPacl 
cell lines, moderately expressed in BxPC3 and SW850 cell lines, but 
not expressed in MIAPaCa2, Panel, and CaPan2 cell lines (Fig. 1A). 
In FACS analysis, TF antigen was highly expressed in the SW979 cell 
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Fig. 1. TF expression in pancreatic cancer cell lines in Northern blot and FACS 
analysis. A, TF mRNA expression in Northern blot analysis. B, FACS analysis of TF 
expression in SW979 cells and MLAPaCa2 cells, respectively. 



line but not expressed in the MIAPaCa2 cell line (Fig. IB). This result 
was consistent with the results of Northern blot analysis. 

Cell-specific expression of uPAR, uPA, and PAl-1 gene induced 
by FVIIa was examined by Northern blot analysis. In S W979 cells 
that highly express TF cell surface receptor, uPAR mRNA was 
increased after treatment with FVIIa in a dose-dependent manner, 
whereas uPA and PAI-1 mRNA were not increased (Fig. 2A). In 
the analysis of relative signal intensity using a Molecular Imager, 
expression of uPAR gene was approximately 2.7-fold increased by 
treatment with 100 nM FVIIa compared to control. The affinity of 
TF for FVIIa is known to be in the nanomolar range from previous 
studies (13). This up-regulation of uPAR mRNA was not found, 
after treatment with FVIIa/, an antagonist of FVIIa under the same 
conditions (Fig. 2A). In the MIAPaCa2 cell line, which does not 
express detectable levels of TF, up-regulation of uPAR mRNA was 
not observed after treatment with FVIIa (Fig. IB). In time course 
studies, uPAR expression was maximally increased to 5-fold over 
baseline 2-4 h after treatment with 100 nM FVIIa and decreased to 
the endogenous level by 48 h after treatment with FVIIa in SW979 
cells (Fig. 3A). In contrast, levels of uPA, PAI-1 3.4-kb and PAI-l 
2.2-kb transcription were increased less than 1.3-fold 2-4 h after 
treatment. We also performed Western blotting with uPAR mAb, 
which confirmed that the expression of protein (M r 60,000) was 
increased compared to control after incubation with FVIIa for 3-24 
h(Fig. 3B). 

Incubation of SW979 cells with the neutralizing anti-TF mAb 5G9 
resulted in complete inhibition of uPAR gene expression induced by 
FVIIa, whereas the nonneutralizing anti-TF mAb, 10H10, had no 
effect on uPAR gene up-regulation (Fig. 4). These results suggest that 
the binding of FVIIa to TF on cell surface is necessary to induce the 
gene up-regulation. 
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Fig. 2. Northern blot analysis of uPAR, uPA, 
and PAM in SW979 cell line (A) and MIAPaCa2 
cell line (B). Five X 10 5 cells were plated in 
10-cm dishes and cultured for 24 h, then washed 
with PBS three times. After adding medium sup- 
plemented with 0.5% FCS, cells were cultured 
for 48 h and washed with medium without FCS 
three times before adding 10 ml of medium sup- 
plemented with 0.5% FCS and various concen- 
trations of FVIIa or FVIIai for 6 h. Relative 
density of radioactive signal was determined on 
a Molecular Imager (Bio-Rad Laboratories, 
CA94547) using Molecular Analyst Software 
Version 2. 1 . and standardized by using the rela- 
tive density of GAPDH signal. O, uPAR; □, 
uPA; A, PAM 3.4 kb; and X, PAM 2.2 kb. 
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To determine whether this up-regulation of uPAR mRNA was 
induced by factor X activation or thrombin generation triggered by 
the FVIIa-TF complex, the cells were treated with FXa. Treatment 
of SW979 cells with FXa did not up-regulate the expression of 
"PAR gene, while treatment with FVTI induced the same level of 
"PAR gene expression as that with FVIIa (Fig. 5). The expression 
of uPAR induced by treatment with FVIIa was not affected by 
preincubation with the thrombin inhibitor, hirudin (Fig. 6). Treat- 
ment with a-thrombin or hirudin itself caused slightly (approxi- 
mately 1.3-fold) increased expression of uPAR mRNA compared 
to control in SW979 cells. This effect was not significant compared 
to FVIIa treatment. These data indicate that neither factor X 
activation nor thrombin generation are implicated in the specific 
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up-regulation of uPAR gene on SW979 cells, but the active-site of 
FVIIa might be important for up-regulation of the uPAR gene 
through the TF-FVIIa pathway. 

To examine whether the specific up-regulation of uPAR induced 
by the treatment with FVIIa is associated with an invasive pheno- 
type, the matrigel migration assay was performed. The migration 
of SW979 cells was increased by treatment with FVIIa in a 
dose-dependent manner, but not increased by FVIIa/ (Fig. 7A). 
This increased migration was completely inhibited not only by the 
neutralizing anti-TF mAb, 5G9, but also by the specific plasmin 
inhibitor, <* 2 -AP (Fig. IB). However, hirudin did not inhibit the 
increased migration mediated by FVIIa-TF complex. Moreover, 
hirudin itself enhanced the cell migration to some degree in our 
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Fig. 3. Time course study of Northern blot analysis of uPAR, uPA, and PAI-1 after 
treatment with FVIIa (A). Five X 10* cells were plated in 10-cm dishes and cultured for 
24 h, then washed with PBS three times. After adding medium supplemented with 0.5% 
FCS, cells were cultured for 48 h and washed with medium without FCS three times 
before adding 10 ml of medium supplemented with 0.5% FCS and 100 nM FVIIa. O, 
uPAR; □, uPA; A, PAI-1 3.4 kb; and X, PAI-1 2.2 kb. Western blot analysis of uPAR 
expression after treatment with FVIIa under the same conditions (B). Cells were treated 
with 100 nM FVIIa. Cell lysates (30 p$ protein) were analyzed by Western blotting using 
antihuman uPAR mAb. 



the thrombin receptor on malignant melanoma cells, although there 
is another report that suggested that the metastatic effect induced 
by TF expression did not involve products of the coagulation 
cascade (2); or (b) binding of FVIIa to TF may directly induce 
signals that are relevant to the metastatic tumor phenotype. Re- 
cently, Pendurthi et al (16) used the differential display technique 
to show up-regulated transcription of poly(A)polymerase gene 
induced in human fibroblast cells by incubation with FVIIa. 
Poulsen et al (17) demonstrated mitogen-activated protein kinase 
(MAPK) activation on exposure of baby hamster kidney cells to 
FVIIa that could not be blocked by tick anticoagulant protein and 
was not seen on exposure to FXa. This evidence supports the 
possibility that TF-mediated signal transduction events may in- 
volve up-regulation of cancer-related genes. 

During cell migration, expression of the plasminogen activator 
system is up-regulated in several types of cells. uPAR is attached 
to the cell membrane by a glycosyl phosphatidyl inositol anchor 
that is added during posttranslational processing and that also 
involves COOH-terminal truncation of the primary translation 
product (18, 19). Binding of uPA to uPAR accelerates uPA acti- 
vation from an enzymatically inactive proenzyme (pro-uPA). 
uPAR is also reported to be a genuine receptor that induces 
intracellular signal transduction events that lead to tumor cell 
activation. Soluble uPAR variants, which do not have the GPI 
anchor, have been reported (20, 21). uPA and uPAR are usually 
found at the leading cell edge at which plasminogen activity is 
accumulated to facilitate migration (22, 23). Interactions of PAH 
and uPAR with the extracellular matrix protein vitronectin (VN) 
and integrin receptors have been reported (24-26). Overexpression 
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experiments. These results suggest that the specific up-regulation 
of uPAR induced by the treatment with FVIIa could increase 
SW979 cell migration in vitro. 

To compare endogenous expression levels of TF gene and uPAR, 
uPA and PAI-1, total RNA was extracted from 9 pancreatic cancer 
cell lines and 10 breast cancer cell lines that were cultured in medium 
with 10% FCS. We found that there was significant correlation 
between the expression levels of TF mRNA and uPAR mRNA 
(P < 0.05) in these 19 human cancer cell lines, whereas the expres- 
sion of neither uPA mRNA nor PAI-1 mRNA was correlated with the 
expression of TF mRNA (Table 1). 

DISCUSSION 

Several recent studies have suggested the involvement of TF 
overexpression in the metastatic tumor phenotype (1-3), but thus 
far there have not been any reports that could explain how TF 
could influence invasive properties. There are two broad possibil- 
ities to explain this issue: (a) TF-FVIIa complex-driven initiation 
of the coagulation might activate a downstream-proteinase acti- 
vated receptor or the thrombin receptor. Fisher et al. (15) showed 
that TF-initiated thrombin generation activated signaling through 
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Fig. 4. Inhibition of uPAR gene expression using anti-TF mAbs. Cells were incubat 
with or without FVIIa 100 nM in the condition medium supplemented with 0.5% FCS f 
6 h. The neutralizing anti-TF antibody, 5G9 (20 fig/ml), and nonneutralizing anti-' 
antibody, 10H10 (20 /Ag/ml), were coincubated with FVIIa. 
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Fig. 5. Effects of FVII, FVIIa, FVIIai, and FXa in uPAR gene expression. SW979 cells 
were incubated with FVII 100 nM, FVIIa 100 n M , FVIIa/ 100 nM , FXa 100 nM, and FVIIa* 
100 nM and FXa 100 nM in the condition medium supplemented with 0.5% FCS for 6 h. 



of uPAR has been reported in several types of human carcinoma 
including pancreatic carcinoma (27-30). Recently, differential reg- 
ulation of uPA, uPAR, and PAI-1 at both transcription and post- 
transcription levels was described in human cancer cell lines 
(10-12, 31). 

In this study, we show that the binding of FVIIa to TF cell 
surface receptor specifically up-regulated uPAR gene expression in 
SW979 human pancreatic cells that express TF mRNA and TF 
protein at high levels. Up-regulation of uPAR gene expression was 
not found in MIAPaCa2 cells, which do not express detectable 
levels of TF. This response induced by FVIIa was blocked by the 
neutralizing anti-TF mAb, 5G9. These results indicate that the 
TF-FVIIa complex directly or indirectly induced intracellular sig- 
naling resulting in expression of uPAR, a factor involved in tumor 
invasion and metastasis. To examine whether activation of FXa 
leading to thrombin generation is involved in the up-regulation of 
"PAR gene, SW979 cells were incubated with FXa alone or with 
FXa and FVIIa/, neither of which induced uPAR up-regulation. 
Furthermore, a-thrombin itself had no significant effect on uPAR 
gene expression. The failure of FVIIai to up-regulate uPAR gene 
expression despite its 10-fold increased affinity for binding to TF 
is an interesting observation. It is possible that the active-site of 
FVIIa may play an important role in induction of the intracellular 
signaling through the TF-FVIIa complex or the activation of an- 
other downstream proteinase-activated receptor. 

Several reports have shown that up-regulation of uPAR en- 



hances migration not only on tumor cells (8, 9) but also on 
endothelial cells (32). In the Matrigel ceil migration assay, the 
migration of SW979 cells was increased by incubation with FVIIa 
in a dose-dependent manner, and FVIIa-induced cell migration was 
completely inhibited by the neutralizing anti-TF mAb 5G9. To 
confirm whether the FVIIa-induced cell migration is caused by the 
enhanced expression of uPAR that binds endogenous uPA on the 
cell surface and enhances plasmin generation to mediate degrada- 
tion of the Matrigel, cells were incubated with FVIIa in the 
presence of the specific plasmin inhibitor a 2 -AP. FVIIa-induced 
cell migration was reduced to basal levels by coincubation with 
a 2 -AP. In contrast, cell migration was increased by coincubation 
with FVIIa in the presense of hirudin. These results are consistent 
with the evidence of enhanced uPAR expression induced by the 
TF-FVIIa pathway leading to activation of the plasminogen acti- 
vator system to facilitate cell invasion. 

We also demonstrated that endogenous expression levels of TF 
were significantly correlated with those of uPAR in 19 human cancer 
cell lines (P < 0.05). This result suggests that not only binding of 
FVIIa to TF but also expression of TF itself may be important for the 
regulation of uPAR gene expression. In recent studies, Carmeliet et al 
(33) demonstrated that inactivation of the TF gene resulted in the 
failure of blood vessel formation leading to embryonic death in 
knockout mice. Rosen et al (34) showed that mice lacking FVIIa 
developed normally but suffered fatal perinatal bleeding. Hence, ex- 
pression of TF appears to be crucial for vessel development, and 
FVITa plays an important role in sustaining TF function for mainte- 
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Fig. 6. Effects of hirudin and a-thrombin in uPAR gene expression. SW979 cells were 
incubated with hirudin (1 unit/ml) in a presence or absence of FVIIa (100 nM) in. the 
condition medium supplemented with 0.5% FCS for 6 h. Cells were also incubated with 
a-thrombin (0.1 or 1 unit/ml) in the condition 'medium supplemented with 0.5% FCS for 
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nance of vessels. In terms of the contributions of TF expression and 
FVIIa binding in influencing gene expression, our new evidence may 
be consistent with these observations. 

Recently several reports demonstrated an association between TF 
expression and tumor grade. Kakkar et al. (35) showed that TF is not 
expressed in normal pancreatic tissue, whereas in pancreatic carci- 
noma, expression increases with progressive tumor dedifferentiation. 
In this study, 6 of 9 pancreatic cancer cell lines and 5 of 10 breast 
cancer cell lines expressed significant levels of TF mRNA. Clinically, 
pancreatic cancer is associated with a high frequency of thrombotic 
complications that may result from activation of the extrinsic pathway 
of blood coagulation and higher circulating levels of FVIIa (36). From 
this aspect, TF could be one of the most attractive targets for cancer 
therapy using not only anti-TF antibody to induce tumor vascular 
thrombosis (37) but also gene therapy aimed at down-regulation of TF 
gene to prevent tumor metastasis. 

In conclusion, we have demonstrated that the binding of FVIIa to 
TF up-regulates uPAR expression and results in increased tumor 
migration by pancreatic cancer cells. Moreover, increased TF expres- 
sion on the cell surface is associated with elevated expression of uPAR 



Table 1 Result of Northern blot in pancreatic cancer celts and breast cancer cells 
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a Statistically significant correlation between TF mRNA expression and uPAR mRNA 
expression, P < 0.05 (Kniskal-Wallis test). 

b ±, almost undetectable expression; +, low level expression, ++, moderate expres- 
sion; + + + , high expression. 
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Fig. 7. Matrigcl migration assay in V SW979 cell lines. Two X 10 s cells were seeded 
in upper chambers and cultured in 0.5% FCS for 72 h. The number of cells that 
migrated to lower surface was counted in six fields under the light microscope 
(X400). (A) *, P < 0.01 versus control; **, P < 0.001 versus control; and 
P < 0.0001 versus control. (S) *, P < 0.001 versus control; **, P < 0.0001 versus 
control; and ***, P < 0.0001 versus FVIIa 10 nM. All experiments were performed 
three times, and typical data are shown. 



gene in human cancer cell lines. This is the first report to propose a 
potential molecular mechanism of TF-FVIIa complex-mediated signal 
transduction that can explain TF-induced tumor invasion and metas- 
tasis. 
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ABSTRACT Tissue factor (TF) is the cellular receptor for 
an activated form of clotting factor VII (Vila) and the binding 
of factor VII(a) to TF initiates the coagulation cascade. 
Sequence and structural patterns extracted from a global 
alignment of TF confers homology with interferon receptors 
of the cytokine receptor super family. Several recent studies 
suggested that TF could function as a genuine signal trans- 
ducing receptor. However, it is unknown which biological 
function(s) of cells are altered upon the ligand, Vila, binding 
to TF. In the present study, we examined the effect of Vila 
binding to cell surface TF on cellular gene expression in 
fibroblasts. Differential mRNA display PCR technique was 
used to identify transcriptional changes in fibroblasts upon 
Vila binding to TF. The display showed that Vila binding to 
TF either up or down-regulated several mRNA species. The 
differential expression of one such transcript, Vila-induced 
up-regulation, was confirmed by Northern blot analysis. Iso- 
lation of a full-length cDNA corresponding to the differentially 
expressed transcript revealed thatVIIa-up-regulated gene was 
poIy(A) polymerase. Northern blot analysis of various carci- 
nomas and normal human tissues revealed an over expression 
of PAP in cancer tissues. Enhanced expression of PAP upon 
Vila binding to tumor cell TF may potentially play an impor- 
tant role in tumor metastasis. 

Tissue factor (TF) is the cellular receptor for an activated form 
of clotting factor VI 1(a) and factor VIIa/TF complex is the 
physiological initiator of the coagulation cascade (1). Tissue 
factor is constitutively expressed in many cells including fibro- 
blasts and pericytes in and surrounding blood vessel walls (2, 
3). However, TF is not normally expressed in cells within 
vasculature, such as monocytes and endothelial cells. Regula- 
tion of TF gene by a large and diverse group of molecules (4) 
raises the possibility that TF may participate in biological 
processes other than hemostasis, particularly in angiogenesis 
and tumor metastasis. Recently, several studies (5-7) provided 
in vivo experimental evidences of a role for TF in tumor 
metastatic process. It has been suggested that the metastatic 
effect of TF could involve transduction of an angiogenic signal 
for vascularization of developing tumors (6). 

Several recent findings suggest that TF could function as a 
true receptor. Specific serine residues in the cytoplasmic tail of 
TF have been shown to be phosphorylated in cells following 
stimulation with protein kinase C activator (8). Rottingen etai 
(9) showed that the binding of Vila to TF induced cytosoltc 
Ca 2+ signals in .182 cells and in other cell types. More recently, 
Masuda ct al. (10) showed that several polypeptides were 
transiently phosphorylated on tyrosine residues when cultured 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 1.8 U.S.C. §1734 solely to indicate this fact. 

© 1997 by The National Academy of Sciences 0027-8424/97/941 2598-6$2.0()/0 
PNAS is available online at http://www.pnas.org. 



human monocytes were incubated with Vila. However, so far 
no reports are available on whether Vila binding to TF alters 
the rates of synthesis and/or the steady state levels of any 
cellular mRNAs and of the corresponding proteins. 

The present study is carried out to test the hypothesis that 
the occupancy of TF receptor by its ligand induces an intra- 
cellular signal(s) that will trigger a selective expression or 
suppression of cellular gene expression. We have used differ- 
ential display PCR methodology to identify alterations in gene 
expression in fibroblasts upon Vila binding to cell surface TF. 
The results indicate that the expression of several transcripts 
are altered by Vila binding to cell surface TF and one such 
alteration is the induction of poly (A) polymerase (PAP) gene 
that plays an important role in processing mRNA. Our data 
also show that PAP gene expression is up-regulated in many 
human cancer tissues, particularly in colon carcinoma. 

MATERIALS AND METHODS 

Reagents. RNAmap kit for mRNA differential display PCR 
was purchased from GenHunter corporation (Brookline, 
MA). AmpliTaq polymerase was from Perkin-Elmer, [a- 
35 S]dATP and [a- 32 P]dCTP (3,000 Ci/mmol; 1 Ci = 37 GBq) 
were from DuPont/NEN, nick translation kit was from Am- 
ersham, TRI reagent was from the Molecular Research Center 
(Cincinnati); T4 DNA ligase, DNase I, and restriction enzymes 
were from New England Biolabs or Promega. Human mono- 
cyte (phorbol 12-myristate 13-acctate-treated) cDNA library 
was obtained from CLONTECH. 

Proteins. Recombinant human Vila, a gift from Novo- 
Nordisk (Copenhagen), was reconstituted in sterile water at a 
concentration of 1 mg/ml. Factor Xa was prepared by incu- 
bating purified factor X with Russell's viper venom followed by 
benzamidine Sepharose chromatography (11). Monospecific, 
polyclonal anti-human TF antiserum was raised in a rabbit (3) 
and the IgG fraction was separated by precipitation at 40% 
ammonium sulfate saturation, followed by DEAE/Affi-Gel- 
Blue chromatography. 

Cell Culture. A fibroblast cell line, WI-38, was grown in T-75 
flasks as described earlier (12). When cells reached 80-90% 
confluency, the monolayers were washed once with buffer A 
(10 mM Hepes, pH 7.5, containing 150 mM NaCl/4 mM 
KC1/11 mM glucose) containing 5 mM EDTA and then twice 
with the buffer not containing EDTA before the monolayers 
were subjected to specific treatments. 

Tissue Specimens. A variety of normal and cancer tissues 
were obtained from Nissi Varki (Cancer Center Research 
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Tissue Core, University of California, San Diego), These 
tissues, obtained from surgical specimens and in some cases 
from autopsies, were collected within an hour of removal. The 
tissue samples were flash frozen and stored at ultra low 
temperature (below - 135°C). The existence of malignant cells 
in carcinoma tissues was confirmed by hematoxylin/eosin 
staining. 

RNA Isolation and DNase I Treatment. Total RNA was 
isolated using TRI reagent according to the guidelines pro- 
vided by the manufacturer. Total RNA, 25 fig in 100 /xl of 10 
mM Tris-HCl, 50 mM KC1, 1.5 mM MgCI 2 , and 10 units of 
RNase inhibitor, was treated with 10 units of DNase 1 for 20 
min at 37°C. Then, the RNA was extracted once with phenol/ 
chloroform (1:1, vol/vol), precipitated with ethyl alcohol /0. 3 
M sodium acetate, and the pellet was resuspended in 20 /lx! of 
diethyl pyrocarbonate- treated water, 

mRNA Differential Display. Differential display of mRNA 
was performed as described (13, 14) with slight modifications. 
Briefly, DNA free total RNA (0.2 fig in 20 /il) was reverse 
transcribed with Moloney murine leukemia virus reverse tran- 
scriptase (100 units) for 1 h at 37°C in the presence of dNTPs 
(each at 20 fxM) and one of the four Tj 2 MN oligonucleotides 
(1 jxM) (M = G, C, or A; N - G, A, T, or C) that prime Poly(A) 
region of mRNAs. The cDNAs generated were then amplified 
by PCR using 01 volume of the above reverse transcribed 
mixture in the presence of [ot- 35 S]dATP. The reaction mixture 
(20 jui) contained 2 jaM of dNTPs, 1 of the same arbitrary 
TnMN oligonucleotide that was used in the reverse transcrip- 
tion reaction, 0.2 /wM of a specific arbitrary 1 0-mer and 10 units 
of AmpliTaq DNA polymerase. Light mineral oil was overlaid 
and PGR reactions were performed in a Pcrkin-Elmer thermal 
cycler. The reaction cycles were: 94°C for 30 sec, 40°C for 2 
min, 72°C for 30 sec for 40 cycles; 72°C for 5 min and soak at 
4°C. One ul of loading dye was added to 5 p\ of PCR samples 
and heated to 80°C for 2 min prior to loading on 6% poly- 
acrylamide sequencing gel. The gels were run at 90 watts with 
constant current for 2 h. The gels were dried without fixation 
and exposed directly to the Reflection NEF 495 autoradiog- 
raphy film overnight at room temperature. 

Band Recovery and Reamplification. After orienting the 
dried gel with the autoradiograph, the differentially expressed 



bands were excised from the dried gel. The gel slice was soaked 
in sterile water for 10 min and then boiled for 15 min. After 
centrifugation, the supernatant was transferred to a new tube 
and the DNA was precipitated in the presence of glycogen and 
sodium acetate. The pellet was rinsed with 85% ice cold ethyl 
alcohol and resuspended in 10 fil of water. Reamplification of 
these DNAs was performed using one-third of the recovered 
sample by PCR with the appropriate 5' primers and 3' primers. 
The conditions for the PCR were the same as the above except 
that dNTPs concentrations were increased to 25 /xM and the 
radioisotope tracer was omitted from the reaction mixture. 
The PGR products were run on a 1.8% agarose gel to 
determine the size of each fragment. The DNA bands were 
excised from the gel and the DNAs were eluted from the gel 
by a standard frceze-squeeze method. 

Northern Blot Analysis, Cloning, and Sequencing. Ream- 
plified cDNA probes were labeled with [a- 32 P]dCTP by nick- 
translation. Northern blot analysis was carried out using stan- 
dard procedures. The differentially expressed transcripts were 
subcloned into Bluescript plasmid at £coRV site after the 
addition of T overhangs (15). Subcloned inserts were isolated, 
confirmed for differential hybridization on Northern blots, and 
then sequenced using Sequenase Rapid Well DNA sequencing 
kit (United States Biochemical). 

Construction of Human Colon Carcinoma cDNA Library 
and Isolation of a Differentially Expressed cDNA. Total RNA 
was extracted from human colon carcinoma tissue using TRI 
reagent. Poly(A)-rich RNA was isolated from the total RNA 
using an oligo(dT) cellulose column. Size selected (0.8 to >4.0 
kb) double-stranded DNA was cloned into Uni-ZAP XR 
vector (Stratagene). Clones (2 x 10 6 ) of the unamplified 
library were screened with a radiolabeled band 11 cDNA insert 
(see Results for details) employing standard procedures. 
Twelve positive clones were obtained in the initial screening. 
In further screenings, the positive clones were plaque purified. 
Bluescript phagemid DNA was recovered from the Uni-ZAP 
with ExAssist helper phage (Stratagene) and the inserts were 
released by EcoRl and Xhol digestion. The cDNA inserts of 
several positive clones were partially sequenced using T3/T7 
primers to obtain 5' and 3' terminal nucleotide sequences. 







Fro. I. Representative differential mRNA display PCR. Lanes 1 and 2, RNA from control cells; lanes 3 and 4, RNA from Vlla-lreated cells; 
lane 5, RNA from Xa-treated cells; lane 6, RNA from anti-TF IgG-treated (200 fig/ml) cells prior to the addition of Vila. The monolayers were 
treated for 90 min with a control buffer or the buffer containing Vila or Xa, 10 nM. RNA samples were reverse transcribed and amplified with 
(A) T !2 MC and 5'-AGCTGACCGT-3'; (B) T12MA and 5 ' -GTG ATCGGAC-3' ; and (C) T l2 MT and 5'-AGCCAGCGAA-3' primers, The 
differentially displayed bands are identified by arrows. 
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Fig. 2. Northern blot analysis confirming differential expression of 
a specific mRNA in Vila-treated cells. WI-38 monolayers were treated 
with the control buffer or the buffer containing Vila, 10 nM, for 90 
min at 3TC. Total RNA was extracted from the cells and 15 fig of each 
RNA sample was used for Northern blot analysis. The blot was 
hybridized with a cDNA fragment of band 11 isolated from the display 
gel of Fig. 1C. (Upper) Northern blot analysis with band 1.1 cDNA. 
(Lower) Ethidium bromide staining of total RNA samples as controls 
for equal loading. 

RESULTS 

Differential mRNA Display. Fibroblast monolayers that 
constitutively express cell surface TF were cultured to 80-90% 
confluency in 75 mm 2 flasks and the monolayers were treated 
at 37°C with a control calcium containing buffer or the buffer 
containing Vila, 10 nM. As additional controls, the monolay- 
ers were first incubated with anti-TF IgG, 200 jug/ ml, for 20 
min prior to the addition of Vila or factor Xa was substituted 
for Vila in the treatment. After a 90-min treatment period, 
total RNAs were isolated from the treated monolayers and the 
expression of mRNA was analyzed using combinations of 20 
arbitrary 10-mcrs and four Tj 2 MN primers. To minimize errors 
in the procedure and to avoid selection of artifact bands as 
differentially expressed transcripts, RNA samples prepared 
from two separate experiments were used as duplicates for 
each display. Each differential display lane yielded 35-60 
discrete bands allowing evaluation of 2,800 to 4,800 mRNA 
species in total. Patterns of amplified cDNA species between 
the control and Vila-treated samples were mostly identical, 
providing a reproducible uniform background over which 



specific differences could be observed (Fig. 1). In initial 
display, we identified 12 differentially expressed transcripts. To 
confirm the reproducibility of the differential expression, we 
repeated the display including reverse transcription/PCR am- 
plification reactions using a new set of RNAs isolated from 
control and Vila-treated cells on two different days. When the 
reactions were repeated for eight of the 12 selected bands, six 
of the eight bands showed reproducible differential expression. 
Two transcripts, designated as bands 11 and 16, were up- 
regulated, whereas four transcripts, designated as bands 12, 20, 
27, and 28, were down-regulated upon Vila binding to TF. 

Northern Blot Analysis with Differentially Expressed Tran- 
scripts and Cloning of the Reamplified cDNA Fragments. The 
bands that showed Vila-specific differential expression were 
excised from the gel, reamplified, labeled with [a- 32 P]dATP, 
and used as probes in Northern blot analysis. The blots 
contained RNA isolated from the control and Vila-treated 
WI-38 cells. Out of six probes tested, differential hybridization 
pattern was clearly evident with only one probe (band 11). 
With others, it was difficult to draw firm conclusions on their 
differential expression since the hybridization signals were 
either weak or hybridized to multiple mRNA species in both 
the control and Vila-treated samples. 

Next, the reamplified cDNA fragment of band 11 was cloned 
into the pBluescript SK-f /— phagemid at EcoRV site after 
adding T overhang at 3' end. Inserted cDNAs were isolated, 
radiolabeled, and used as a probe in Northern blot analysis to 
confirm the Vila-specific up-regulation of the transcript. 
Several individual cDNA clones generated from band 11 
showed an enhanced hybridization signal to a specific mRNA 
transcript of ^4.5 kb in Vila-treated cells (Fig. 2). In several 
experiments, we also observed a faint but specific hybridization 
to a mRNA transcript corresponding to 2.3 kb, in addition to 
the 4.5 kb, in Vila-treated cells. Cloned cDNA fragments of 
band 11 that showed specific differential hybridization patterns 
on the Northern blots were sequenced. The nucleotide se- 
quence showed that the band 11 transcript was flanked by 
mRNA mapping 10-mer primer sequences at the 5' end and 
putative polyadenylation signals (TnMN) at 3' end (Fig. 3). 
Searching the GenBank and EMBL DNA databases using 
blast program revealed no homology sequences in the data 
bank. 

Isolation of Full-Length cDNA for Band 11. A human 
monocyte, phorbol 13-myristate 12-acetate perturbed, A gtll 
cDNA library was screened with a cDNA probe generated 
from band 11. In an initial screening, one positive cDNA clone 
(~0.7 kb) was obtained. The insert was isolated, radiolabeled, 
and used as a probe to confirm the differential expression in 
Northern blot analysis. The hybridization pattern of this probe 
was similar to that of hybridization pattern observed with the 
cDNAprobe directly generated from the PCR product of band 
1.1 (see Fig. 2). The 3 f sequence of this clone was identical to 
the sequence of band 11 cDNA fragment. However, the 0.7-kb 
cDNA insert also had no ORF. Rescreening of the monocyte 
library with the 0.7-kb insert did not yield any additional 
positive clones. 

Next, we screened human colon carcinoma cDNA library to 
isolate a full-length cDNA corresponding to band 11 since a 
high level expression of this gene was found in human colon 
carcinoma tissue (see below). By screening 2 X 10 6 clones with 



AGCCAGCGAA 
TTTGTGTAGC 
TTTACACATT 
TTGCCAAGCT 
ACCTGGAGAT 
CTTTGTTTTA 
TGTATTTCTC 



GAAAAAAGAT 
TTCAGAGTTA 
GGGGAAAACA 
GGAAACTTGG 
CAGACTGTTG 
TAGTATCTGT 
CATTGAAAAC 



GGTCATACTA 
GATTGAAATT 
ATTCAGTTTA 
ACCTTTTCTG 
CTTTCGCATG 
ACTCCTTGTA 
ACAATAAAAA 



ACAGGTGAAA 
ACCAGGCACA 
TTAAACGTTT 
TGTAGTGACT 
ATGTATGTAG 
TTTTTCAAGA 
AAAACAGCAC 



TGTACAAGGT 
GATTTAGTCT 
CATGTAACTG 
TTTTAATTAT 
TGTCTCATGA 
GCTATTTTGT 
AAAAAAAAAA 



GTCTGTGTGT 
TGTCATTTTG 
CACCCAAGTT 
AGTTTTCATA 
CTGGAGTTTG 
AAACAGATGA 
AA 



Fig. 3. Nucleotide sequence of band 11 transcript, Flanking primer sequences are underlined. 
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Fig. 4. The schematic representation of cDNA clones that were isolated from human colon carcinoma (HCC) cDNA library by using MCtl 
cDNA probe. The direction of arrows and the length of arrows under each clone represent the direction of the sequence and the length of the 
sequence obtained. Top bars represent the length of known cDNA sequences for the bovine PAP (solid) and the human PAP (open). DPCR 11 
denotes a band 11 cDNA and MCI 1 denotes a cDNA clone corresponding to band 1.1 isolated from phorbol 13-myristate 12-acetate-treated human 
monocyte cDNA library. 



the 700-bp insert isolated from phorbol 13-myristate 12- 
acetate-perturbed monocytic cDNA library yielded 12 positive 
clones. The estimated inserts size varied from 1.1-4.5 kb. 
Several of these inserts were sequenced partially to obtain 5' 
and 3' terminal nucleotide sequences. The limited sequences 
obtained showed a near 100% homology with human PAP (16) 
and ~97% homology with bovine PAP (17). The longest PAP 
cDNA isolated was ~4,500 bp, and was likely to be a full-length 
since it started with a 5' untranslated region and ended with 
a Poly(A) tail at 3'. This cDNA clone was -2.5 kb and **1.1 
kb longer than the previously isolated PAP cDNAs from 
human (16) and bovine (17) sources, respectively (Fig. 4). 

To further strengthen our observations and to show that 
PAP was indeed differentially expressed in Vila-treated cells, 
the full-length PAP cDNA insert was isolated, radiolabeled, 
and used to probe the RNA isolated from the control and 
Vila-treated cells by Northern blot analysis. The data showed 
that PA P message was up-regulated in Vila-treated cells (Fig. 
5). 

Increased Expression of Band 11 Transcript (PAP) in 
Cancer. RNA was isolated from a variety of normal and 
cancerous tissues and analyzed by Northern blot. The blot was 
probed with the 400-bp band 11 cDNA fragment that was 
originally isolated from the display. As seen in Fig, 6, the 
specific hybridization signal for a 4.5-kb mRNA transcript was 
much stronger for RNA isolated from cancer tissues than RNA 
isolated from their benign counterparts. The data also showed 
a faint hybridization of band 1 1 transcript to a 2.3-kb mRNA 
transcript in cancer tissues but not in normal tissues. The 
expression of band 11 transcript was particularly striking in 
colon carcinoma compared with a low level expression found 
in benign colon tissue. The increased expression of the band 
11 transcript was also evident in many other malignant tissues, 
such as breast, ovary, and pancreas. 



DISCUSSION 

In many receptor- mediated processes, occupancy of the re- 
ceptor by its ligand alters the rate of synthesis and steady state 
levels of many cellular RNAs and the corresponding proteins. 
The present study is the first to provide evidence for the 
binding of Vila to TF receptor leads to specific alterations in 
cellular gene expression in cultured fibroblasts. In this study, 
we employed differential mRNA display method to identify 
Vila-induced specific gene alterations. To avoid isolating 
mRNAs whose differential expression might have been simply 
related to artifacts in the lengthy procedure rather than specific 
for Vila treatment, we routinely performed differential display 
PGR using two different RNA samples obtained on two 
different days. Further, in several display runs, we also in- 
cluded RNA samples obtained from the monolayers treated 
with factor Xa and the monolayers treated with anti-TF IgG 
before the monolayers were exposed to factor Vila as addi- 
tional controls. More importantly, we repeated differential 
display analysis two or three times for each potential "posi- 
tives" and only those that were reproduced consistently were 
considered as potential transcripts whose expression was al- 
tered by factor Vila binding to TF. Even with such stringent 
conditions, only one of the six selected differentially expressed 
transcripts showed Vila-specific differential expression on 
Northern blot analysis. However, this finding was not entirely 
unexpected. Differential display signals not confirmed by 
Northern blot analysis were relatively common due to unde- 
tectable signals (18). It is possible that a PCR-amplified 
product from a display band can contain a number of distinct 
multiple cDNA fragments, similar in size, but derived from 
different genes. The problem can be confounded further if the 
transcript that shows differential hybridization is present in low 
abundance. 
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Fig. 5. Increased expression of PAP mRNA in fibroblasts treated 
with Vila. WI-38 monolayers were treated with Vila as described in 
Fig. 2. Total RNAwas extracted from the cells and 15 fig of each RNA 
sample was used for Northern blot analysis. The blot was hybridized 
with a full-length PAP cDNA insert. Lane 1, RNA from control cells; 
lane 2, RNA from Vila-treated cells. Bottom panel shows ethidium 
bromide staining of total RNA samples as controls for equal loading. 

A specific transcript that was shown to be up-regulated in 
Vila-treated cells (band 11) hybridized to two mRNA species 
of 45- and 2.3-kb on Northern blot analysis. Although the band 
11 transcript hybridizes to the 4.5-kb transcript in RNA 
isolated from the control cells (not treated with Vila), the 
intensity of the hybridization signal is lower in the controls 
compared with the Vila-treated samples. The sequence of 
band 1 1 transcript did not match to any known sequences in the 
GenBank and EMBL databases. However, since the differen- 
tial display method provides clones that contain only extreme 
3' regions of mRNA, the lack of homology with known 
sequences does not eliminate the possibility that the band 11 
transcript may be homologous to known cDNAs whose 3'- 
un translated region sequences were unavailable. Indeed, iso- 
lation a full-length cDNA clone corresponding to the band 11 
transcript from human colon carcinoma cDNA library re- 
vealed that the Vila-specific transcript we isolated from the 
differential display is the product of an already known gene, 
PAP. 

PAP, both the mRNA and the protein, in mammalian cells 
exists in multiple forms (16). Northern blot analysis with RNA 
from HeLa cells and calf thymus showed three bands, 4.5, 2.4, 
and 1.3 kb (19). This could explain why our band 11 cDNA 
hybridized to two different mRNA species of 4.5 and 2.3 kb. 

PAP plays a critical role in the synthesis of messenger RNA 
in eukaryotic cells. The main function of PAP is the addition 
of adenylate residues onto mRNA 3' end following cleavage 
(20, 21). The length of polyadenylation is directly correlated to 
mRNA stability (22). Poly(A) tail shortening and its ultimate 
removal leads to mRNA degradation. In short lived mRNA, 
such as c-fos, poly(A) tail shortening is exceptionally rapid 
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Fig. 6. Northern blot analysis of various cancer and benign tissues 
for the expression of band 11 transcript. Ten micrograms of total RNA 
from each tissue was loaded and the blot was hybridized with the 
400-bp band 11 cDN A fragment. (Bottom) Ethidium bromide staining 
of total RNA samples as controls for equal loading. N, normal tissue; 
C, cancer tissue. 

(23). Most of the oncogene and cytokines mRNA are also short 
lived. It is possible that increased expression of PAP could 
increase the polyadenylation of these mRNAs thereby increase 
their stability that ultimately leads to increased translation 
products. Such a mechanism would potentiate the action of 
many short-lived cytokines synthesized by tumor cells. How- 
ever, further experiments are needed to substantiate that the 
observed increase in PAP in the cancer tissue is due to 
increased expression of PAP by the cancer cells and not the 
surrounding stromal cells or endothelial cells. 

Recent studies showed that TF plays a role in angiogenesis 
and tumor metastasis (24). However, it is controversial 
whether TF coagulant function is required for tumor cell 
dissemination. Bromberg et al. (6) reported that a nonmeta- 
static human cell line became metastatic upon transfection 
with retrovirus carrying human TF cDNA to overexpress TF. 
Since metastases also occurred in mice injected with the 
melanoma cells expressing the extracellular TF mutant that 
was defective in its coagulant function, it had been suggested 
that the metastatic effect of TF in the severe combined 
immunodeficient mouse model did not involve products of the 
coagulation cascade (6). However, this assumption may not be 
valid since the extracellular TF mutant can bind to Vila and 
the resultant TF/VIIa complexes were defective but not 
completely devoid of the coagulant function (25). Moreover, 
Fischer et al. (26) showed that the thrombin generation is 
necessary for the TF-dependent hematogenous metastasis 
(26). In a recent study, Ruf and Mueller (27) provided 
evidence that TF/VIIa has to be catalytically active for TF- 
dependent tumor cell metastasis. 
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In conclusion, our observation that the binding of Vila to TF 
induces intracellular signaling was consistent with the earlier 
observations that Vila binding is required for TF-mediated 
signal transduction events such as generation of cytosolic 
calcium transients (9) and transient tyrosine phosphorylation 
of several polypeptides (10). Up-regulation of PAP upon Vila 
binding to TF suggests that the binding of Vila to cell surface 
TF not only initiates the coagulation cascade but also trans- 
duces signal(s) that may play an important role in angiogenesis 
and tumor metastasis. 

We acknowledge the contribution of Todd Williams in cell culture. 
During this investigation, L.V.M.R was a recipient of a Research Career 
Development Award for the National Heart, Lung, and Blood Institute. 
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Intracellular signaling induced by the coagulation 
factors (F) Vila and Xa is poorly understood. We report 
here studies on these processes in a human keratinocyte 
line (HaCaT), which is a constitutive producer of tissue 
factor (TF) and responds to both FVIIa and FXa with 
elevation of cytosolic Ca 2+ , phosphorylation of extracel- 
lular signal-regulated kinase (Erk) 1/2, p38 MAPK , and c- 
Jun N-terminal kinase, and up-regulation of transcrip- 
tion of the early growth response gene-1 (egr-1). Using 
egr-1 as end point, we observed with both agonists that 
phosphatidylinositol-specific phospholipase C and the 
mitogen-activated protein kinase/Erk kinase/Erk path- 
way were mediators of the responses. The responses to 
FVIIa were TF-dependent and up-regulation of egr-1 
mRNA did not require presence of the TF cytoplasmic 
domain. Antibodies to EPR-1 and factor V had no effect 
on the response to FXa. We have provided evidence that 
TF is not the sole component of the FVIIa receptor. The 
requirement for proteolytic activity of both FVIIa and 
FXa suggests that protease -activated receptors may be 
involved. We now report evidence suggesting that pro- 
tease-activated receptor 2 or a close homologue may be 
a necessary but not sufficient component of this partic- 
ular signal transduction pathway. The up-regulation of 
egr-1 describes one way by which the initiation of blood 
coagulation may influence gene transcription. The abil- 
ity of these coagulation proteases to induce intracellu- 
lar signals at concentrations at or below the plasma 
concentrations of their zymogen precursors suggests 
that these processes may occur also in vivo. 



The vitamin K-dependent serine protease clotting factors 
have traditionally been thought to exert their effects in the 
fluid phase of the body fluids or at the surface of cells in contact 
with such fluids. Increasing evidence indicates that activation 
of these clotting factors also elicits numerous and profound 
alterations in the biology of the cells on whose surface the 
activation takes place or where the activated factor is bound. 
Direct intracellular signaling in cells exposed to the coagula- 
tion factor Vila (FVIIa) 1 was first reported in 1995 (1). It was 
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found to be entirely dependent on the presence of tissue factor 
(TF), the factor VQ- and Vila -binding trigger of blood coagu- 
lation (2) on the cell surface. More recently, FVIIa has been 
shown to induce phosphorylation of the extracellular signal- 
regulated kinases 1 and 2 (Erk 1/2) (3) and to up-regulate three 
mRNA species: poIy(A) polymerase (4) and vascular endothelial 
growth factor (5) in fibroblasts and urokinase type plasminogen 
activator receptor in pancreatic cancer cell lines (6). Two recent 
studies demonstrate the involvement of TF in cell adhesion/ 
motility (7, 8). These effects may be mediated by interactions of 
the TF cytoplasmic tail with cytoskeletal adaptor proteins (7), 
and probably reflect another aspect of TF biology. 

In the case of the coagulation factor Xa (FXa), Gajdusek et aL 
(9) reported induction of release of growth factors from the 
endothelium. Gasicet aL (10), and later Ko et al. (11), observed 
FXa-induced vascular smooth muscle cell proliferation. Signal- 
ing was suggested to involve rapid release of platelet-derived 
growth factor (PDGF), followed by PDGF receptor-mediated 
activation of the p21 ra Vp74 ra/w pathway (11). We showed that 
FXa triggered an increase in cytosolic free Ca 2+ in Madin- 
Darby canine kidney cells (12). In endothelial cells addition of 
FXa can activate NO synthase (13, 14) and induce synthesis of 
cytokines and expression of adhesion molecules (14, 15). Anti- 
bodies to PDGF (11, 16, 17) or effector cell protease receptor- 1 
(EPR-1) (17, 18) both attenuate mitogenic responses to FXa in 
endothelial cells and in vascular smooth muscle cells. Factor V 
(FV), the cellular cofactor for FXa in formation of the prothrom- 
binase complex (2), has to our knowledge not been shown to 
participate in any of these events. 

Both FVIIa and FXa must be proteolytically active to induce 
the signaling process(es) (12). In the case of FVIIa, TF serves as 
its binding receptor but does not undergo any proteolytic cleav- 
age in the process. This suggests that another molecule is the 
substrate for cleavage by the indispensable protease activity of 
FVIIa, and that this cleavage may trigger the intracellular 
signaling. The presence of TF on the cell surface is, however, an 
absolute requirement for the FVIIa induced intracellular 
changes to occur. Our hypothesis is thus that TF efficiently 
binds FVII/FVIIa present in plasma and other body fluids, and 
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presents it in activated form to another transmembrane pro- 
tein, which is then cleaved to trigger the signaling process(es). 

Thrombin has long been known as a powerful cellular acti- 
vator (19, 20). Several of its effects were recently shown to be 
mediated through proteolytic activation of one or more of its 
receptors. All three presently known (PARI, PAR3, and PAR4) 
are members of the protease-activated receptor (PAR) family 
(21-24). We have previously reported data excluding receptors 
down -regulated by thrombin as candidate substrates for FVIla 
or FXa. This paper reports experiments carried out to study 
PAR2 (22) in this respect. 

Using a human keratinocyte line, we have addressed ques- 
tions concerning the signaling pathway(s) of FVIla and Xa and 
some of their cellular consequences, using altered expression of 
the egr-1 gene (25) as the end point. This zinc finger transcrip- 
tion factor (Krox-24 7 NGFI-A, and ZIF/268 are synonyms) 
showed rapid and transient induction in response to FVIla and 
FXa. 

EXPERIMENTAL PROCEDURES 
Materials 

Trypsin, hirudin, ATP, bradykinin, actinomycin D, and Hepes were 
obtained from Sigma; U73122 and U73343 were from BIOMOL (PA); 
pertussis toxin (PTX), PD98059, and SB203580 were from Calbiochem 
(San Diego, CA); keratinocyte SFM with additives, Dulbecco's modified 
Eagle's medium (DMEM), trypsin-EDTA, L-glutamine, and fetal calf 
serum (FCS) were from Life Technologies, Inc. (Paisley, Scotland); 
recombinant human factor Vila (FVIla), DEGRck-inactivated human 
FVIla (FVIIai), and recombinant human tissue factor pathway inhibi- 
tor (rTFPI) were all kind gifts from Novo-Nordisk (Bagsvserd, Den- 
mark); substrate FXa-1 was from Nycomed (Oslo, Noiway); purified, 
RW-activated human factor X was from Enzyme Research Laborato- 
ries (South Bend, IN); the fluorescent calcium indicator fura-2/AM and 
the surfactant Pluronic F-127 were from Molecular Probes (Eugene, 
OR); Bacto-dextrose was from Difco; Colorrapid was from Lucerna- 
Chem (Lucerne, Switzerland); monoclonal mouse anti-human TF (htfl) 
was kindly donated by Dr. S. Carson (Omaha, NE); alkaline phos- 
phatase-conju gated swine anti-rabhit Ig was from DAKO (Glostrup, 
Denmark); polyclonal anti-MAPK and anti-phospho-MAPK (Erk 1/2, 
p 3gMAPK ^ jnk) antibodies and monoclonal anti-phospho-Erk 1/2 
were from New England Biolabs (Beverly, MA); the anti-EPR-1 mono- 
clonal antibody (B6) was kindly provided by Dr. D. Altieri (Yale Uni- 
versity School of Medicine, New Haven, CT); anti-platelet-derived 
growth factor BB (PDGFBB) was from R&D Systems (Oxon, UK); 
anti-FV and DEGRck-inactivated human FXa (FXai) were from Hema- 
tologic Technologies (Essex Junction, VT); thrombin was kindly pro- 
vided by Dr. J. W. Fenton II (New York State Department of Health, 
Albany, NY); the PAR2 agonist peptide SLIGRL (22) was made in our 
laboratory. Hepes-buffered salt solution (HBSS) consisted of (iilm): 
NaCl, 136; KC1, 5; MgCl a , 1.2; CaCl 2 , 1.2; Bacto-dextrose, H; Hepes 10; 
pH 7.35. 

Cell Culture and Trans feet ion 

The constitutively TF-expressing keratinocyte line HaCaT (26) was 
kindly provided by Dr. U. Birk Jensen, Institute of Human Genetics, 
University of Aarhus, Aarhus, Denmark. HaCaT cells were cultured in 
keratinocyte -SFM supplemented with recombinant epidermal growth 
factor (0.5 ng/ml) and bovine pituitary extract (25 ftg/ml). After cell 
detachment during culture, trypsin was inactivated with FCS, which 
was subsequently removed by repeated washes in keratinocyte SFM. 
Prior to Northern and Western experiments starvation (2 h prior to 
agonist addition) and stimulation was done in DMEM without addi- 
tives. The keratinocyte SFM was low in calcium (<0.1 mM) in order to 
keep the cells in an undifferentiated state. The change to DMEM prior 
to stimulation brought the calcium levels up to —1.8 mM. This change 
was done to facilitate Ca z * -dependent binding of the clotting factors to 
TF and possibly other surface receptors, and to allow calcium influx. 
Great care was taken to establish correct controls for the possible effects 
of this shift-up. 

The human kidney epithelial line HK-2 (ATCC) was cultured as 
described for the HaCaT cells. CHO cells expressing PAR2 were a kind 
gift from Johan Sundelin (University of Lund, Lund, Sweden) (27). 
These were cultured in a-minimal essential medium without nucleo- 
sides, supplemented with 10% dialyzed FCS, L-glutamine, antibiotics, 
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Fig. 1. Calcium responses in HaCaT cells. Ca 2 * oscillations in- 
duced by treating HaCaT cells with FVIla (100 hm), FXa (174 nM), 
SLIGRL (50 jiM) or thrombin (1 unit/ml), Panel A, average responses in 
330-580 cells. Panel B, examples of single cell responses to FVIla and 
FXa. Different cells are shown in the 0-15-min and in the 30-40-min 
time windows. Arrows indicate addition of agonist. 

and methotrexate (20 nM). COS-1 cells were maintained in DMEM 
supplemented with 5% inactivated FCS, L-glutamine, and antibiotics. 

COS-1 cells were transfected with the mammalian expression vector 
pcDNA3, or pcDNA3 containing constructs coding for wild type (hTFt... 
263) or truncated (hTFj 245 ) human tissue factor cDNA. These con- 
structs have been described in detail previously (28). The truncated 
construct was identical to wild type except that the sequence coding for 
the last 18 C-terminal amino acids had been deleted. The PAR2-ex- 
pressing CHO-DG44 cells were transfected with hTF 1-263 only. Trans- 
fection was done by standard calcium phosphate coprecipitation proce- 
dures with glycerol shock. Cells with stably integrated constructs were 
selected with 500 fig/ml G418. TF expression was confirmed by total 
activity measurement in cell homogenates (28). Surface TF activity was 
determined by a FXa chromogenic substrate assay (28). Immunofluo- 
rescence was carried out on ethanol-fixed cells with htfl and propidium 
iodide costaining (28). 

Isolation of mRNA and Northern Blot Analysis 

In these experiments medium was always changed to DMEM with- 
out additives for 2 h prior to addition of agonist to the cells. Unless 
otherwise stated, pretreatment with inhibitor or vehicle was done in 
this 2-h period. Agonist or vehicle was made up to 20% of the final 
volume, preheated to 37 °C, and added gently to the cells. Cells were 
harvested by washing in ice-cold PBS, then scraped off into 0.4 ml of 
lysis buffer (100 mM Tris-HCl, pH 8, 500 mM LiCl, 10 mM EDTA, 1% 
LiDS, 5 mM dithiothreitol) and sheared with a 21-gauge syringe. For 
isolation of mRNA, oligo(dT) -conjugated magnetic beads (Dynal, Oslo, 
Norway) were used according to the manufacturer's instructions. Sam- 
ples were run on agarose/formaldehyde gels in MOPS buffer and blot- 
ted. Prehybridization and hybridization were performed in ExpressHy- 
b™ solution from CLONTECH. Complete cDNAs were used to generate 
probes foregr-2, glyceraldehyde- 3 -phosphate dehydrogenase (GAPDH), 
and TF as described by Feinberg and Vogelstein (29, 30). The oligonu- 
cleotide probe used to detect the TF cytoplasmic domain had the se- 
quence 5'-GTGGGGAGTTCTCCTTCCAGCTCTGCCCCACTCCTGCC- 
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Fig. 2. Up-regulation of egr-1 mRNA in HaCaT cells. Changes in 
egr-1 raRNA leveU with time in response to FVIIa (100 nti), FXa (174 
nM), SLIGRL (50 pM) t or thrombin (1 uiriVml) in HaCaT cells. Northern 
blots were hybridized with 32 P-iabeled probes for egr-1 and GAPDH. 
The results are representative of three independent experiments. 
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Fig. 3. Effects of various concentrations of FVIIa and FXa on 
induced levels of egr-1 mRNA and [ Ca 2+ ] a in HaCaT cells. Upper 
panels show the effect of increasing concentrations of FVIIa and FXa on 
levels of egr-1 mRNA. Cells were harvested 45 min after agonist addi- 
tion. The lower panels show average responses with their standard 
errors in logarithmic plots. The egr-1 intensities were normalized to 
GAPDH intensities for the same sample and further normalized to cells 
treated with vehicle alone. For the egr-1 data (closed circles), each point 
is based on four independent mRNA isolations from cells harvested 45 
min after agonist addition. Concentration-dependent increases in max- 
imal Ca 2 * response during the first 210 s after addition of protease are 
plotted in the same graph {open circles, n — 6&-280). Results are 
presented as average values and their standard error. 



3'. For reprobing, the filters were stripped in 0.5% SDS at 100 °C for 
5-10 min. Quantitation was done using a Phosphorlmager (Molecular 
Dynamics). 

Immunoblotting 

Cells were washed as for mRNA isolation, and lysed directly in a 
reducing SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% 
glycerol, 50 mM dithiothreitol, 0.1% bromphenol blue). Cell lysates were 
sonicated to shear DNA, denatured for 5 min at 100 °C and resolved by 
SDS-polyacrylamide gel electrophoresis, blotted onto Immobilon P 
membranes (Millipore), and the membranes blocked for 1 h in Tris- 
buffered saline with Tween (10 mM Tris, pH 7.5, 150 mM NaCl, 0.1% 
Tween) with 5% BSA, Immunoblotting with anti-phospho-MAPK or 
anti-MAPK antibodies (anti-Erk 1/2, anti-p38 MAPK , and anti-JNK, 
1/1000, overnight) followed by an alkaline phosphatase -conjugated 
swine anti-rabbit secondary antibody (1/1000, 1 h) was done at 4 °C. 
After repeated washes with Tris-buffered saline with Tween, the mem- 
branes were developed with Vistra ECF (Amersham Pharmacia Bio- 
tech) and quantitated using a Phosphorlmager. Identical amounts of 
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Fig. 4. Effect of antibody to TF and of inactivated FVIIa on 
induction of egr-1 mRNA and [Ca 2+ ] c increases in HaCaT cells. 

Panel A, cells were pretreated for 2 h with DMEM (vehicle) (-), FVIIai 
(100 nM), or htfl (5 or 25 p.g/ml) prior to addition of vehicle (-), FVIIa 
(50 nM), or FVIIai (100 nM) as indicated. Cells were harvested for mRNA 
isolation 45 min after agonist addition. Northern filters were hybridized 
with 32 P-labeled probes to egr-1 and GAPDH as described. Panel B, cells 
(100-130) were pretreated with HBSS (vehicle), FVIIai (100 nM), or 
htfl (5 pg/ui\) for 45 min, washed, and FVIIa (100 nM) added 60 s later 
(arrow). Panel C, cells (70-100) were pretreated with HBSS or FVIIai 
(100 nM) for 45 min, washed at pH 4.0 or 7.4 as indicated, and FVIIa 
(100 nM) added at 60 s (arrow). 

the same extracts were run in parallel for immunoblotting with anti- 
phospho-MAPK antibody and anti-MAPK antibody. 

Measurement of [Ca 2 * ] c in Single Cells 

Measurement of [Ca 2f ] c in single cells was done as described previ- 
ously (1). Cells were incubated for 45 min at 37 °C with a solution of 5 
im fura-2, 0.25% Me 2 SO and 0.005% Pluronic F-127 in HBSS. Pretreat- 
ments were within the 45-min fura-2 loading period, or 16-20 h prior to 
this in the case of PTX. After fura-2 loading, the cells were washed twice 
and incubated with 400 jxl of HBSS. Additions to the cell cultures were 
done by injection of 100 pi into the well. Injection of the agonist vehicle 
was used in the control cultures. The Ca 2 1 imaging and registration 
software has been developed in our laboratory (31). The cytosolic Ca 2 f 
concentration was calculated using the equation [Ca 2 "* J - K d p (R - 



R ltlin )/(R a 



R) (32). Calibrations were done as described previously 



(33). The experiments were carried out at 37 °C. 

Quantitative Analysis 

Calcium — The maximum and average Ca 24 increases were calcu- 
lated as the difference between the values after application of agonist 
and the average Ca 2+ levels before, The average reflects the integral of 
the Ca 2 f response. Cells with spontaneous responses before addition of 
agonist (ranging from 0 to 13% in different experiments) were excluded 
by not considering cells that during the first 60 s of observation had 
either a higher absolute Ca 2+ level than 400 nM or a difference of more 
than 75 nM between the maximal and minimal Ca 2 1 levels. All other 
ceils, both responders and non-responders, were included in the calcu- 
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Table I 

Effect of extracellular inhibitors on increased levels of[Ca 2 +] e and egr-1 mRNA induced by FVIIa and FXa in HaCaT cells 
Inhibition was calculated as described under "Experimental Procedures." In each experiment agonist response without the inhibitor was taken 
as 100%. For [Ca 2 *] c , calculations were based on the average Ca 2 f values during the first 210 s after addition of agonist; cells were washed after 
pretreatment. Pretreatment did not affect the percentage of excluded cells. For egr-1 mRNA, no wash was introduced between pretreatment and 
agonist addition; cells were harvested 15 min after addition of agonist. RNA blots were hybridized with egr-1 and GAPDH probes. 



Agonist 



Pretreatment 





FVIIa (100 nM) 






FXa (174 nM) 




Ca 24 




egr-1 


Ca* + 




egrl 



Inhibition ± S.E. (%) n Inhibition ± S.E. (%) n Inhibition ± S.E. (%) n Inhibition ± S.E. (%) n 



FVIIai 


100 nM 


87 ± 4*** 


105 


95 ± 5** 


10 


-22 ± 5 (NS) 


105 


16±24(NS) 


4 


FXai 


174 nM 


-7 ± 7 (NS) 
83 ± 3** 


66 






-14±4(NS) 


103 


8±21(NS) 


4 


htf-1 


25 /u,g/ml 
50 /ig/ml a 


100 


93 ± 3** 


6 


9 ± 8 (NS) 


54 






B6 










-1±5(NS) 


72 


9 ± 13 (NS) 


3 


Anti-PDGFBB 


10 fig/ml 














11 ± 10 (NS) 


4 


Anti-FV 


10 fig/ml 










24 ± 3 (NS) 


196 


4 ± 6 (NS) 


4 


rTFPI* 










91 ± 5** 


72 


109 ± 3** 


4 


Hirudin 


5 units/ml 










14 ± 4 (NS) 


211 


17 ± 9 (NS) 


6 



n 10 /xg/ml B6 was used in mRNA studies. 

h rTFPI was preincubated with FXa at 3 times molar excess before addition. 
e * p < 0.05; ** p < 0.01; NS, not significant. 



Fig. 5. Effect of some inhibitors and antibodies on the induc- 
tion ot egr-1 mRNA by FXa. Cells were pretreated (2 h) with DMEM 
(vehicle) (-), FXai (174 nM), B6 (anti-EPR-1; 10 ^g/ml), anti-PDGFBB 
(10 /xg/ml), anti-FVa(10 /tig/ml), or hirudin (5 units/ml) prior to addition 
of vehicle ( -), FXa (87 nM), a preincubated 3: 1 mixture of TFPI and FXa 
(87 nM), FXai (174 nM), and thrombin (0.25 unit/ml) as indicated. Cells 
were harvested for mRNA isolation 45 min after agonist addition. 
Northern filters were hybridized with ' <2 P-labeled probes to egr-1 and 
GAPDH. Quantitation of data in Table L 

lations of the Ca 2 + signals. The data are presented as means and their 
standard error (S.E.). Statistical significance was tested using a general 
mixed model analysis of variance (3V module BMDP). 

mRNA — After subtraction of average background, intensity data ob- 
tained from the Phosphorlmager for egr-1 mRNA were normalized to 
GAPDH mRNA intensities for all samples. -Fold induction of egr-1 
mRNA was determined by setting to one the relative intensity (RI) in 
cells treated with vehicle only. Percentage of inhibition was calculated 
by the following formula: percentage of inhibition = 100 - 100 X ((RI of 
the given sample - RI of vehicle control)/(RI of normal agonist re- 
sponse - RI of vehicle control). Thus, a stimulatory effect will appear as 
a "negative inhibition," and a reduction below basal levels of egr-1 will 
appear as a greater than 100% inhibition. Data are presented as means 
and their standard error (S.E.). Significance was tested using a two- 
tailed Student's t test with Welch's correction. A single asterisk (*) 
indicates a p value below 0.05, whereas a double (**) indicates a p value 
below 0.01. NS, not significant. 

Phosphoprotein — Intensity data obtained from the Phosphorlmager 
for the phosphorylated form of MAPKs were normalized to total MAPK 
intensities from identical amounts of the same samples run and blotted 
in parallel. -Fold increase in phospho-MAPK was determined by setting 
the RI in vehicle-treated cells to 1. Statistical analysis was as for egr-1 
mRNA. 

RESULTS 

Choice of Cell Types — We have previously reported that 
FVIIa triggers Ca 2 f responses in MDCK cells, in COS-1 cells 
transfected to express TF, in J82 cells and in human umbilical 
vein endothelial cells (HUVEC) (1), and that FXa induced re- 



UillewTF 




Fig. 6. FVIIa-induced egr-1 up-regulation in TF-transfected 
COS-1 cells. COS-1 cells were transfected to express TF (wild type or 
truncated A245). Controls were transfected with empty vector. Stable 
transfectants were pretreated with DMEM (vehicle) (-) or FVIIai (100 
nM) for 2 h prior to addition of vehicle (— ) or FVIIa (50 nM). Cells were 
harvested for mRNA isolation 45 min after agonist addition. The same 
blot was hybridized with 32 P-labeIed probes to egr-1 , TF, and GAPDH, 
and after stripping, with an oligonucleotide probe corresponding to the 
sequence deleted from the TF cytoplasmic domain. The bars (upper 
part) show the average increase of egr-1 mRNA relative to GAPDH with 
their standard errors from four experiments. 

sponses similar to FVIIa in MDCK cells (12). The signals varied 
between cell types and between individual cells within a pop- 
ulation (1, 12). The response rate in MDCK was close to 100% 
(1, 12), but their canine origin served to limit our access to 
antibodies and other useful reagents. The spontaneously im- 
mortalized, non-tumorigenic keratinocyte human cell line (Ha- 
CaT) is a high level constitutive producer of TF. HaCaT cells 
responded with increased Ca 2 ^~ levels to both FVIIa and FXa, 
as well as to thrombin and SLIGRL, showing that this line also 
expresses PAR2 and thrombin receptors (Fig. 1, panel A). 
FVIIa and FXa both triggered a sustained elevation of [Ca 2+ ] c 
(Fig. 1, panel B) in almost all cells tested. Their response 
pattern differed from that of MDCK cells (12). In HaCaT cells 
the Ca 2 f oscillations were less prominent and non-synchro- 
nous and were replaced by a continuous elevation of [Ca 2+ ] c , 
generally failing to reach baseline during the initial minutes of 
response. The responses lasted approximately as long as the 
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Table II 

Desensitization ofCa 2 i ' responses in HaCaT cells 
Cells were pretreated (45 min) with FVIIa (200 dm), FXa (348 nil), SLIGRL (200 /am), thrombin (1 unit/ml), trypsin (2 units/ml), or bradykinin 
(100 nM). After washing, FVIIa (100 rm), FXa (178 mi), SLIGRL (50 /am), thrombin (1 unit/ml), or bradykinin (100 nM) were added at 60 s. 
Calculations are based on the average level of fCa 2 " 1 l c in the first 210 s after agonist addition. The agonist response without pretreatment within 
the same experiment was taken as 100% and used as control for statistical comparison. In these experiments approximately 10% of the cells were 
excluded from the calculations because of spontaneous responses before addition of agonists (see "Experimental Procedures"). With some 
pretreatments, e.g. FVIIa, this percentage was higher (around 20%) because of a continuing response caused by the pretreatment. The number of 
individual cells examined ranged from 100 to 500. 

Inhibition (%) ± S.E. 



Pretreatment 


FVIIa 


FXa 


SLIGRL 


Thrombin 


Bradykinin 


HSS 


0± 8" 


0±2 


0±2 


0±4 


0±2 


FVIIa 


99 ± 5** 


69 ± 2** 


-18 ± 7 (NS) 


-20 ± 7 (NS) 


ND 


FXa 


91 ± 2** 


99 ± 1** 


59 ± 2** 


63 ± 3** 


ND 


SLIGRL 


57 ± 2** 


58 ± 2** 


88 ± 1** 


37 ± 3 (NS) 


ND 


Thrombin 


7 ± 5 (NS) 


-21 ± 3 (NS) 


ND 


95 £ 1** 


ND 


Bradykinin 


16 ± 4 (NS) 


-6 ± 2(NS) 


19 ± 7 (NS) 


ND 


67 ± 2** 


Trypsin 


81 ± 1** 


98 ± 1** 


74 ± 2** 


81 ± 2** 


-22 ± 3 (NS) 



a See Footnote c to Table I. ND, not determined. 



MDCKcell responses (12), although this has not been explored 
in detail. If not otherwise stated, the experiments reported 
have been carried out with the HaCaT cell line. 

Transcriptional End Point — To facilitate dissection of the 
receptor/signaling system(s) engaged by FVIIa and FXa, we 
looked for a rapidly expressed, abundant mRNA regulated by 
these factors. The early growth response gene egr-1 showed 
rapid (30-60 min), transient (back to basal level within 2 h) 
and pronounced (10-fold) up-regulation of mRNA levels in re- 
sponse to FVIIa and FXa, as well as to SLIGRL and thrombin 
(Fig. 2). Inhibition of transcription by actinomycin D (10 ug/ml) 
added 5 min prior to stimulation abolished the induction of 
egr-1 by both proteases (p < 0.001; data not shown). The 
increase in egr-1 mRNA levels is thus highly likely to be a 
result of induced transcription rather than mRNA stabiliza- 
tion. This is the first demonstration of a transcription factor 
induced by these two clotting factors. 

Both [Ca 2f *] c and egr-1 mRNA responses were concentration - 
dependent. EC 50 values were an order of magnitude lower for 
the egr-1 mRNA response than for the calcium response (3 and 
54 nM, respectively for FVIIa; 13 and 130 nM, respectively, for 
FXa) (Fig. 3). Both proteases gave a maximum egi*-l response 
at concentrations below the plasma concentrations of the cor- 
responding zymogen precursor (10 nM for FVII and 178 nM for 
FX) (34). 

The Ca 2+ responses in MDCK cells to FVIIa and FXa were 
previously shown to be specific (Le. not caused by contaminants 
in the agonist preparations) and to require their intact proteo- 
lytic activity (12). These experiments were repeated and ex- 
panded to ascertain that the Ca 2 + and egr-1 mRNA responses 
seen in the HaCaT cells were specifically caused by the same 
factors in their activated state. Active site^nliibited FVIIa 
(FVII ai) did not induce responses in TCa^,. (data not shown) or 
egr-1 mRNA (Fig. 4, panel A; Table I). A marked inhibition of 
both egr-1 up-regulation and Ca increase was seen when 
pretreating the cells with a neutralizing monoclonal antibody 
to TF (htfl) (Fig. 4, panels A and B; Table I), This excluded 
involvement of endotoxin and other contaminants, as well as 
demonstrating also in the HaCaT cell line the absolute require- 
ment for TF and for proteolytic activity of the agonists. Pre- 
treatment of the cells with FVIIai inhibited the effect of FVIIa. 
This inhibition was to a large extent reversible when cells were 
washed at pH 4 to remove FVIIai (Fig. 4, panel C) (28). 

The binding site for FXa on HaCaT cells is unknown. The two 
main cellular components known to bind FXa are EPR-1 and 
FVa. Antibodies expected to block FXa binding to either of 
these were tested, and none had any effect on the egr-1 mRNA 
or [Ca 2+ ] c changes in response to FXa (Fig. 5, Table I). Neither 
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Fig. 7. Absence of Ca 2+ responses to FVIIa in CHO and HK-2 
cells expressing PAR2 and tissue factor. Panel A, CHO cells stably 
transfected to express PAR2 and tissue factor. Arrows indicate time of 
addition of FVIIa (final concentration 200 nM) and SLIGRL (100 jam). 
Average of 100 cells is shown. Panel B, Ca 2 ^ responses to FVIIa and 
FXa in HK-2 cells expressing PAR2 and tissue factor. Panel shows 
average Ca 2+ responses to FVIIa (200 nM), FXa (174 nM), SLIGRL (100 
/um), and thrombin (1 unit/ml) in HK-2 cells pretreated for 4 h with 
tumor necrosis factor-a to increase TF expression (80-150 cells). Arrow 
indicates time of additions. 



rPDGFBB directly (data not shown) nor antibodies to PDGFBB 
had any effect in our system (Fig. 5, Table I). HaCaT cells may 
not express PDGF receptors. Active site-inhibited FXa (FXai) 
did not induce responses in [Ca 2+ ] c or egr-1 mRNA (Fig. 5, 
Table I). In contrast to the effect of FVIIai on the response to 
FVIIa, pretreatment with FXai had no inhibitory effect on a 
subsequent incubation with FXa (Fig. 5, Table I), either when 
the cells were washed at pH 7.4 prior to addition of FXa (Ca 2+ 
response) or when left unwashed (egr-1 response). 

Specificity was demonstrated by the fact that pretreatment 
of FXa with a recombinant preparation of human tissue factor 
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pathway inhibitor (rTFPI), which is the main physiological 
inhibitor of FXa, abolished both [Ca 2+ ] c and egr-1 mRNA re- 
sponses (Fig. 5, Table I). TFPI is also an inhibitor of FVIIa, so 
the effects of FXa could still be attributable to contaminating 
FVIIa in the FXa preparation. FXa stimulation, however, was 
unaffected by preincubation of the cells with FVIIai, which 
would block the response to contaminating FVIIa (Table I). 
Finally, hirudin was used to exclude generation of trace 
amounts of thrombin as a source for the activation (Fig. 5, 
Table I). 

Transducing Receptors — The active site requirement of 
FVIIa and the lack of proteolysis of TF when in complex with 
FVIIa suggest that the receptor may be more complex. A dual 
receptor system with one binding and one proteolytically acti- 
vated transducing receptor may seem likely. The lack of direct 
correlation between TF expression and FVIIa responsiveness 
seen in CHO and HK-2 cells supports this view (see below). If 
TF was not directly involved in signaling but rather in binding 
of the agonist, one might expect removal of the cytoplasmic tail 
of TF to have little or no effect. Extracellular binding of FVIIa 
should be unaltered (12, 35). We therefore compared the egr-1 
up-regulation in response to FVIIa in COS-1 cells transfected 
with a construct encoding wild type human TF (hTF^ga), a 
construct encoding human TF lacking the 18 C-terminal amino 
acids (hTFi^s, "tailless" TF) or vector control. The egr-1 re- 
sponse in cells expressing the tailless TF construct was at least 
as high as in cells expressing wild type TF (Fig. 6). Vector- 
transfected cells, which had very low TF activity, did not re- 
spond. Hybridization of the same Northern blots with an oligo- 
nucleotide probe corresponding to the sequence deleted from 
TF confirmed that the cells did indeed express tailless TF (Fig. 
6). For both TF constructs only a limited number (10-20%) of 
the transfected cells expressed TF, which probably explains the 
low level of egr-1 mRNA increase relative to that seen in Ha- 
CaT cells. 

The four cloned PARs are candidate transducing receptor 
components for both FVIIa and FXa. We have previously ex- 
cluded the candidacy of receptors that can be down -regulated 
by thrombin in MDCK cells. This leaves PAR2 as the only 
presently known candidate for being the FVIIa or FXa pro- 
tease-activated receptor. PAR2 is activated by trypsin and by 
mast cell tryptase and may have additional, unidentified acti- 
vators in the vasculature (36), Factor Xa has been reported to 
activate PAR2 to some degree (37). In heterologous desensiti- 
zation of the Ca 2 * responses (Table II), pretreatment with low 
concentrations of trypsin or with the PAR2 agonist SLIGRL for 
45 min down-regulated the response to FVIIa by 81% and 57%, 
respectively. The FXa effect was similarly reduced by 98% and 
58%. Trypsin inhibited all the protease-inducible Ca 2+ signals 
tested, but not the response to bradykinin (Table II). Under the 
conditions used, trypsin treatment did not reduce cell surface 
TF (data not shown). Taken together, these results indicated 
the trypsin sensitivity of the signaling receptors for FVIIa and 
FXa. However, various cell surface substrates may have been 
cleaved by trypsin, which makes these data difficult to inter- 
pret. In addition, the desensitization by preincubation with 
SLIGRL may suggest that PAR2 or a close homologue was 
involved (Table II). 

The question of a role for PAR2 was therefore approached 
more directly in a transfected CHO cell model. Neither FVIIa 
nor SLIGRL had any effect on the Ca 24 levels of un transfected 
CHO cells. 

PAR2-transfected CHO cells were highly responsive to the 
PAR2 peptide agonist but gave no significant Ca 2 + response to 
the two coagulation factors. The construct pcDNAShTFj^g 
was then transfected into CHO cells expressing PAR2. The 
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Flo. 8. Effect of PTX on Ca 2+ responses to various agonists in 
HaCaT cells. Panel A, average Ca 2 + increase in the first 210 s after 
agonist addition. Response in controls was taken as 100%. Closed bars, 
controls. Open bars, cells pretreated for 16 h with 500 ng/ml PTX. 
Agonists are as in panel B. Panel B, average Ca 2 * responses to FVIIa 
(200 nM\ FXa (174 nM), SLIGRL (100 fxM\ thrombin (1 unit/ml), bra- 
dykinin (100 nM), and ATP (1 ^M) in cells pretreated with PTX as in 
panel A. Arrows indicate additions. Broken line> sample pretreated with 
PTX. n = number of cells examined. 

resulting cells expressed the PAR2 receptor, and all cells re- 
sponded well to SLIGRL. In addition, more than 50% of the 
cells expressed high amounts of TF on their surface, fully active 
in triggering blood coagulation. These cells thus carried high 
levels of functional TF as well as PAR2, but gave no Ca 2 f signal 
when exposed to FVIIa or FXa (Fig. 7A). In parallel experi- 
ments human HK-2 cells were shown to respond to the SLIGRL 
peptide (and thus to carry PAR2), to thrombin and (less pro- 
nounced) to FXa, but not at all to FVIIa, although the HK-2 line 
also expresses TF (Fig. IE). Increasing TF expression by induc- 
tion with tumor necrosis factor-^ did not alter the result. Thus, 
two different cell lines, both carrying PAR2 and TF on their 
surfaces, were unresponsive to FVIIa, clearly demonstrating 
that TF and PAR2 are not sufficient for this response. The 
desensitization of the FVIIa response by SLIGRL suggested 
that PAR2 or a close homologue may be involved, although 
factor Vila did not down-regulate the SLIGRL response. In 
signaling triggered by FXa desensitization experiments sug- 
gested a possible involvement of PAR2 or a close homologue, 
but PAR2 alone is clearly not sufficient to mediate this signal. 



egr-1 Induction by FVIIa and FXa 



32231 



Table III 

Effects of various intracellular inhibitors on FVIIa- and FXa-induced up-regulation of egr-1 mRNA in HaCaT cells 
Agonist response without pretreatment within the same experiment was taken as 100%. Unless otherwise stated, cells were preincubated with 
inhibitor for 2 h (16-20 h for PTX) prior to addition of FVIIa (50 nM) or FXa (87 nM). For mRNA isolation cells were harvested 45 min after agonist 
addition. RNA blots were hybridized with egr-1 and GAPDH probes. Intensity values for egr-1 mRNA were normalized to values obtained for 
GAPDH before calculating the percentage of inhibition, n ~ number of independent mRNA isolations. 

Agonist 

Inhibitor FVIIa FXa 



Inhibition ± S.E, (%) n Inhibition ± S.E. {%) n 



PTX 500 ng/ml -22 ± 15 (NS)° 4 -29 ± 15 (NS) 3 

U73122 5 pM 72 ± 11** 8 87 ± 7** 7 

SB203580 20 fxM -24 ± 14 (NS) 4 -49 ±11* 4 

PD98059 l^M -1±5(NS) 6 -25 ± 8* 6 

5 jiM 26 ± 8 (NS) 6 -5 ± 13 (NS) 6 

50 /xm 93 ± 4** 6 94 ± 8** 6 



u See Footnote c to Table I. 



Acting on the circumstantial evidence that the signaling 
receptor components for FVIIa and FXa belonged to the pro- 
tease-activated subfamily of G protein-coupled receptors, the 
effect of pertussis toxin on the responses to the coagulation 
factors was compared with the effects on signals induced by the 
other agonists: thrombin, SLIGRL, bradykinin, and ATP. Sig- 
nificantly reduced but not abolished Ca 2 f signaling was seen 
with ATP, thrombin, and SLIGRL when HaCaT cells were 
incubated with PTX (500 ng/ml) for 16-20 h prior to agonist 
addition (Fig. 8, A and B). The response to FXa was not altered, 
whereas the response to FVIIa was markedly reduced over the 
first few minutes, indicating that these two factors utilize dif- 
ferent signaling receptors. [Ca 2+ ] c in the cells treated with PTX 
and FVTIa reached the level of control cells (treated with ago- 
nist only) after 3-4 min and remained elevated. In Northern 
blots of egr-1 mRNA, essentially no differences caused by pre- 
treatment with PTX were observed (Table III), showing that 
the initial part of the Ca 2 4 signal was not necessary for the 
egr-1 response. 

Intracellular Signaling Pathways Activated by FVIIa and 
FXa— Signaling pathways activated upon binding of FVIIa and 
FXa are insufficiently described. Besides our work on Ca 2f 
signaling (1, 12), phosphorylation of Erk 1/2 has been observed 
(3). Addition of agonist, be it FVIIa or FXa, leads within sec- 
onds to Ca 2 f release through a mechanism mediated by phos- 
phatidylinositol-specific phospholipase C (PI-PLC) in both 
MDCK (12) and HaCaT cells (data not shown), as evidenced by 
the effect of its commonly used but not entirely specific inhib- 
itor U73122 (38). Its most important unspecific effect is to 
cause release of Ca 24 from intracellular stores (39). No such 
effect was seen in our experiments. The Ca 2+ signal most 
probably lies on the pathway to induction of egr-1 expression, 
since U73122 rapidly inhibited also this end point (Table III). 
We confirmed in HaCaT cells the earlier report of the phospho- 
rylation of Erk 1/2 by FVIIa (3) (Fig. 9). In contrast to that 
report (3), we also observed increased phosphorylation of key 
components of two other MAPK pathways investigated 
(p38 MAPK and C-Jun N-terminal kinase (JNK), Fig. 9). In ad- 
dition, FXa induced increased phosphorylation in the same 
three MAP kinases (Fig. 9). In all cases preincubation with 
FVIIai abrogated the phosphorylation induced by FVIIa. An 
extra 44-kDa band seen in the phospho-JNK (p-JNK) blot was 
probably pErk 1, as it was absent in samples pretreated with 
PD 98059 (Fig. 9), and its detection in immunoblots was 
blocked by a monoclonal antibody to pERK (data not shown). 
Consistent with a role for Erk 1/2 phosphorylation in the sig- 
naling leading to enhanced egr-1 transcription, inhibition of 
Erk kinases Mek 1/2 by PD 98059 (Fig. 9) also inhibited up- 
regulation of egr-1 mRNA by both coagulation factors (Table 
III). Another inhibitor, SB 203580, with specificity for 



p38 MAPK , did not inhibit the egr-1 response to either factor 
(Table III). 

DISCUSSION 

We have previously demonstrated that coagulation factors 
Vila and Xa induce intracellular Ca 2 h signals in various cell 
types, although not in all (1, 12). Signal transduction initiated 
by these factors is poorly understood. Most of our previous work 
was carried out using a MDCK cell line, which, being of canine 
origin, limited the access to useful antibodies and other re- 
agents. In initial experiments we therefore screened various 
human cell lines and found that the constitutively TF- produc- 
ing keratinocyte cell line HaCaT responded with marked Ca 24 * 
elevation when exposed to FVIIa or FXa. 

Using this cell line we have confirmed the absolute require- 
ment of TF for FVIIa-induced signaling as well as the absolute 
necessity for both factors being in their proteolytically acti- 
vated state. We then proceeded to establish a new end point for! 
studies of the transduction pathway(s) in that we discovered 
that mRNA for the transcription factor Egr-1 was markedly (up 
to 12-fold) up-regulated when HaCaT cells were exposed to 
FVIIa or FXa. This is the first description of a link between 
regulation of a transcription factor and the initiation of the 
clotting cascade. The increase of the level of egr-1 mRNA re- 
quired the same conditions as the Ca 2+ response (i.e. FVIIa and 
FXa in their proteolytically active state, and an absolute re- 
quirement for availability of TF binding in the case of FVIIa), 
The difference in the EC 50 values of the clotting factors for the 
two responses (Fig. 3), being approximately an order of magni- 
tude lower for the egr-1 response, may be explained by the 
different time windows of observation. For both proteases 
(FVIIa and FXa), the EC 50 values for the egr-1 response were 
well below the levels of the corresponding circulating (unacti- 
vated) clotting factors in plasma. The average egr-1 mRNA 
level induced by FVIIa was higher than that induced by FXa, 
for the Ca 2 * signals the opposite was the case, and the FXa- 
induced response did not plateau. 

Using the Ca 2+ response and up-regulation of egr-1 mRNA 
as end points, we addressed the questions of what receptors 
were engaged by the two proteases and what signaling path- 
ways they activated. TF is required for FVIIa signaling (1, 12), 
and we have suggested that TF acts as a cofactor, concentrating 
FVH/FVIIa at the cell surface, rather than as a signal-trans- 
ducing receptor. The evidence for this has been the lack of Ca 2+ 
signals in several cell lines that express TF constitutively and 
the jackjof ability of active site inhibited FVIIa to jnduce 
signals when binlmTglo^^ binds TF with even higher 

affinity" than FVIIa. We show here that deletion of the C- 
terminal 18 amino acids from the 21 -amino acid-long cytoplas- 
mic tail of TF did not impair FVIIa-induced egr-1 up-regula- 
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Fig. 9. FVIIa- and FXa-induced phosphorylation of different 
MAP kinases in HaCaT cells. Panel A (p-Erk/Erk) and panel B 
(p-p38 MAI>K /p38 NIAI>K ); cells were pretreated for 2 h with DMEM (vehi- 
cle) (-), FVIIai (100 nM), FXai (174 nM), or PD98059 (50 axi) prior to 
addition of DMEM (control), FVIIa (50 nM), FXa (87 nM), or FCS (20%). 
The cells were harvested in reducing SDS sample buffer 10 (Erk 1/2 and 
p 3gMAPK) or 3Q (jnk) m inutes after agonist addition. Cell extracts were 
resolved by SDS-polyacrylamide gel electrophoresis, and gels run in 
parallel were immunoblotted with antibodies to phosphorylated or total 
MAPK species as indicated. Panel C (p-JNK/JNK), cells were treated as 
in panels A and B except that pretreatment with FXai was omitted. 
Please note that succession of lanes uxpanel C differs from panels A and 
B. Bars represent the average increases and their standard errors in 
phospho-MAPK relative to total MAPK from four to seven independent 
experiments. Statistical significance is indicated for FVIIa and FXa 
additions to untreated cells, and is based on the increase relative to 
vehicle controls. 



tion, suggesting that the TF cytoplasmic domain is not involved 
in this signaling pathway, thus supporting the need for an 
additional receptor component. 

Whereas a role for TF in binding FVIIa is well established, 
there is little consensus about FXa binding components or 
signaling receptors. Antibodies to EPR-1 and to FV at high 
concentrations had no significant effect on the end point re- 
sponses. Northern blots with double-stranded cDNA probes to 
EPR-1 showed only the survivin transcript, which according to 
the current theory of EPR-1 regulation (40) should exclude the 
presence of EPR-1 in the HaCaT cells. 



In search for signaling receptors activated by FVIIa or FXa, 
the PARs were evident candidates, being the only receptors 
known to be activated by proteolysis. Heterologous desensiti- 
zation experiments with the PAR agonists thrombin, trypsin, 
and SLIGRL in HaCaT cells confirmed our previous experi- 
ments in MDCK cells (12), demonstrating that receptors down- 
regulated by thrombin (PARI, -3, and -4) were not involved. 
Both PAR2 agonists (trypsin and SLIGRL) desensitized HaCaT 
cells to the effect of FVIIa and FXa while leaving TF intact, 
thus demonstrating the trypsin sensitivity of the putative sig- 
naling receptors. The facts that FXa has a moderate effect on 
PAR2 and that SLIGRL has an effect on the putative FXa 
signaling receptor suggest that there may be structural simi- 
larities between these two receptors. 

However, in direct transfection experiments, the line of CHO 
cells carrying functional PAR2 as well as TF on their surface 
did not respond to FVIIa. Similar results were obtained using 
HK-2 cells, which express PAR2 and TF constitutively. Unless 
there are even more components to the initial binding/signaling 
receptor complex, we conclude that the signaling receptors are 
not yet found. 

We have previously shown in MDCK cells, and confirmed in 
HaCaT cells here (data not shown) that the PI-PLC inhibitor 
U73122 completely abrogated the [Ca 2+ ] c changes in response 
to either of the proteases. We show here that this compound 
strongly inhibited the egr-1 response as well, indicating that 
PI-PLC is a common mediator of the two responses (Table III), 
and consistent with the egr-1 response being on the same 
pathway and downstream of the Ca 24 signal. It has been re- 
ported (3), and we confirm here, that in certain cell types Erk 
1/2 become phosphorylated when FVIIa binds to TF. We ex- 
pand this observation by showing that exposure of HaCaT cells 
to FXa also leads to phosphorylation of Erk 1/2 , and that both 
proteases induce significant phosphorylation of p38 MAPK and 
JNK (Fig. 9). Induction of egr-1 by either of the two coagulation 
factors was abrogated by PD 98059 (Table III), an inhibitor of 
the Erk 1/2 kinases Mek 1/2. An inhibitor of p38 MAPK > 
SB203580, had essentially no effect. This suggests a route to 
egr-1 induction via PI-PLC through Mek and Erk. 

egr-1 is a zinc-finger transcription factor that recognizes the 
sequence GCGGGGGCG, which overlaps with the Spl consen- 
sus sequence. It is an immediate early growth response gene 
induced by cytokines, certain growth factors, DNA damaging 
agents, and heat shock, to mention but a few. Of particular 
interest in the present context is its role in the regulation of 
inducible transcription of the TF gene (41) and its increased 
DNA binding upon phosphorylation (42), which may be impor- 
tant for its binding in preference to Spl. This may constitute a 
positive feedback cycle leading to increased levels of TF when 
coagulation is initiated. Induction of other genes by FVIIa or 
FXa in addition to egr-1 and TF has been reported, indicating 
that several physiological pathways may be affected. It re- 
mains to be seen what will be the physiological impact of these 
in vitro observations. 

REFERENCES 

1. R0ttingen, J.-A., Enden, T., Camcrer, E., Iversen, J.-G., and Prydz, H. (1995) 

J. Biol. Chern. 270, 4650-4660 

2. Camerer, E., KolBto, A. B., and Prydz, H. (1996) Thromb. Rc&. 81, 1-41 

3. Poulsen, L. K., Jaeobsen, N., S0rensen, B. B,, Bergenhem, N. C. H„ Kelly, J. D., 

Foster, D. C, Thastrup, O., Ezban, M M and Petersen, L. C. (1998) J. Biol. 
Chem. 273, 6228-6232 

4. Pendurthi, U. R., Alok, D., and Rao, L. V. M. (1997) Proc. Natl. Acad. Set. 

U. S. A. 94, 12598-12603 

5. OlHvier, V. f Bentolila, S., Chabbat, J,, Hakim, J,, and de Prost, D. (1998) Blood 

91, 2698-2703 

6. Taniguchi, T., Kakkar, A. K., Tuddenhain, E. G. D., Williamson, R. C. N., and 

Lemoine, N. R. (1998) Cancer Res. 58, 4461-4467 

7. Ott, 1., Fischer, E. G., Miyagi, Y., Mueller, B. M\, and Ruf, W. (1998) J. Cell 

Biol. 140, 1241-1253 

8. Randolph, G. J., Luther, T., Albrecht, S., Magdolen, V., and Muller, W. A. 



egr-1 Induction by FVIIa and FXa 



32233 



(1998) Blood 92, 4167-4177 
9. Gajdusek, C., Carbon, S., Rose, R., Nawroth, P., and Stern, D, (1986) J. Cell 
Biol. 103, 419-428 

10. Gasic, G. P., Arenas, C. P. f Gasic, T, B., and Gasic, G. J. (1992) Proc. Natl. 

Acad. Sci. U. S.A. 89, 2317-2320 

11. Ko, P. N., Yang, Y. C., Huang, S. C., and Ou, J. T. (1996) J. Clin. Invest. 98, 

1493-1501 

12. Camera-, E., R0ttingen, J.-A., Iversen, J.-G., and Prydz, H. (1996) J. Biol 

Chem. 271, 29034-29042 

13. Schaeffcr. P., Mares, A. M, Dol, F., Bono, F., and Herbert, J. M. (1997) Circ. 

Res. 81, 824-828 

14. Papapetropoulos, A., Piccardoni, P., Cirino, G., Bucci, M., Sorrentino, R., 

Cicala, C, Johnson, K., Zachariou, V., Sessa, W. C, and Altieri, D. C, (1998) 
Proc. Natl Acad. Sci. U. S. A 95, 4738-4742 

15. Senden, N. H. M., Jeunhumme, T. M. A. A., Heenskerk, J. W. M., Wagenvoord, 

R., van't Veer, C. f Hemker, H. C, and Buunnan, W. A. (1998) J. Immunol 
161, 4318-4324 

16. Bono, F., Herault, J. P., Avril, C, Schaeffer, P., and Herbert, J. M. (1997) 

J. Cell. Physiol 172, 36-43 

17. Herbert, J. M., Bono, F., Herault, J. P., Avril, C, Dol, F., Mares, A. M., and 

Schaeffer, P. (1998) J. Clin. Invest. 10, 993-1000 

18. Nicholson, A. C, Nachman, R. L., Altieri, D. C, Summers, B. D., Ruf, W., 

Edgington, T. S., and Hajjar, D. P. (1996) J. Biol Chem. 271, 28407-28413 

19. Coughlin, S. R. (1998) Atherascler. Thromb. Vase. Biol 18, 514-518 

20. Grand, R. J., Turnell, A. S., and Grabham, P. W. (1996) Biochem. J. 313, 

353-368 

21. Vu, T.-K. H., Hung, D. T., Wheaton, V. L, Coughlin, S. R. C. (1991) Cell 64, 

1057-1068 

22. Nystedt, S., Emilsson, K, Wahlestedt, C, and Sundelin, J. (1994) Proc. Natl. 

Acad. Sci. U. S. A. 91, 9208-9212 

23. Ishihara, H., Connolly, A. J., Zeng, D., Kahn, M. L., Zheng, Y. W., Timmons, C, 



Tram, T., and Coughlin, S. R. (1997) Nature 386, 502-506 

24. Kahn, M. L., Zheng, Y. W„ Huang, W., Bigornia, V., Zeng, D„ Moflf, S., Farese, 

R. V., Jr., Tam, C, and Coughlin, S. R. (1998) Nature 394, 690-694 

25. Khachigian, L. M., and Collins, T. (1997) Circ. Res. 81, 457-461 

26. Boukamp, P., PetrusevBka, R. T., Breitkreutz, D., Horaung, J., Markham, A,, 

and Fuseing, N. E. (1988) J. Cell Biol 106, 761-771 

27. Nystedt, S., Emilsson, K., Larsson, A.-K., Strombeck, B., and Sundelin, J. 

(1995) Eur. J. Biochem. 232, 84-89 

28. Camerer, E., Pringle, S., Skartlien, A. H., Wiiger, M., Prydz, K, Kolsta, A.-B., 

and Prydz, H. (1996) Blood 88, 1339-1349 

29. Feinberg, A. P., and Vogelstein, B. (1983) Anal Biochem. 132, 6-13 

30. Feinberg, A. P., and Vogelstein, B. (1984) Anal Biochem. 137, 266-267 

31. R0tnes, J. S., and Iversen, J.-G. (1992) Cell Calcium 13, 487-500 

32. Grynkiewicz, G., Poenie, M., and Tsien, R. Y. (1985) J. Biol Chem. 260, 

3440-3450 

33. Rtftnes, J. S, and Rflttingen, J.-A, (1994) Cell Calcium 15, 467-462 

34. Furie, B., and Furie, B. C. (1988) Cell 53, 505-518 

35. Paborsky, L. R., Caras, I. W., Fisher, K L., and Gorman, C. M. (1991) J. Biol 

Chem. 266, 21911-21916 

36. Brass, L. F M and Molino, M. (1997) Thromb. Haemost. 78, 234-241 

37. Fox, M. T., Harriott, P., Walker, B., and Stone, S. R. (1997) FEBS Lett. 417, 

267-269 

38. Bleasdale, J. E., Thakur, N. R., Gremban, R. S., Bundy, G. L. t Fitzpatrick, 

F. A., Smith, R. J., and Bunting, S. (1990) J. Pharmacol Exp. Ther. 255, 
756-768 

39. Taylor, C. W., and Broad, L. M. (1998) Trends Pharmacol. Sci. 19, 370-375 

40. Ambrosini, G., Adida, C, and Altieri, D. C. (1997) Nat. Med. 3, 917-921 

41. Cui, M.-Z, Parry, G. C. N., Oeth, P, Larson, H, Smith, M, Huang, R.-P, 

Adamson, E. D., and Mackman, N. (1996) J. Biol. Chem. 271, 2731-2739 

42. Huang, R.-P., and Adamson, E. D. (1994) Biochem. Biophys. Res. Commun. 

200, 1271-1276 



The Journal of Biological Chemistry 

© 2000 by The American Society for Biochemistry and Molecular Biology, Inc. 



Vol. 275, No. 19, Iesue of May 12, pp. 14632-14641, 2000 
Printed in U.SA. 



Factor Vila and Thrombin Induce the Expression of Cyr61 and 
Connective Tissue Growth Factor, Extracellular Matrix Signaling 
Proteins That Could Act as Possible Downstream Mediators in 
Factor Vila-Tissue Factor-induced Signal Transduction* 

Received for publication, January 21, 2000, and in revised form, February 23, 2000 

Usha R. Pendurthit§, Kelly E. Allent, Mirella EzbanH, and L. Vijaya Mohan Raoll 

From the Departments of ^Molecular Biology and \\Biochemistry, The University of Texas Health Center at 
Tyler, Texas 75708 and the ^Tissue Factor /Factor VII Research, Novo Nordisk A /S Health Care Discovery, 
Malov DK-2760, Denmark 



Extracellular interactions of plasma clotting factor 
Vila (FVIIa) with tissue factor (TF) on cell surfaces trig- 
ger the intracellular signaling events. At present, it is 
unclear how these signals influence phenotype. To elu- 
cidate this, we have used cDNA micro array technology 
to examine changes in transcriptional program in hu- 
man fibroblasts in response to exposure to FVIIa, cDNA 
microarrays revealed that FVIIa binding to TF up-regu- 
lated the expression of CyrSl and CTGF (connective tis- 
sue growth factor), the genes that encode extracellular 
matrix signaling proteins Cyr61 and CTGF, respectively. 
Northern blot analysis confirmed that FVIIa binding to 
TF markedly increased the expression of Cyr61 and 
CTGF in a time- and dose-dependent manner, FVIIa cat- 
alytic activity is required for the gene induction. In 
addition to FVIIa, thrombin also induced the expression 
of CyrOl and CTGF. Hirudin abolished the thrombin- 
induced expression of these mKNAs but not the FVIIa- 
induced expression. FVIIa-induced expression of Cyr€l 
appears not to involve the currently known protease- 
activated receptors (PARs), whereas thrombin-induced 
expression involves the activation of PARI and possibly 
an additional PAR. Various intracellular signaling path- 
way inhibitors exhibited different inhibitory pattern on 
FVIIa and thrombin-induced up-regulation of CyrSl. 
Cyr61 and CTGF could act as downstream mediators of 
FVIIa-TF in affecting various biological processes. 



The primary function of plasma clotting factor Vila (FVIIa), 1 
upon its binding to TF on the cell surface, is to initiate blood 
coagulation (1), However, a number of recent studies suggest 
that FVIIa binding to TF influences an array of important 
biological functions other than coagulation, such as angiogen- 
esis (2, 3), embryo vascularization (4), and tumor metastasis (2, 
5, 6). At present, it is unclear how FVIIa*TF contributes to 
these biological processes. Recent studies have shown that 
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FVIIa binding to TF induces various intracellular signals (7, 8). 
The cumulative data so far suggest that FVIIa-TF mediates cell 
signaling by two distinct mechanisms, TF cytoplasmic domain- 
dependent (independent of the proteolytic activity of FVIIa) 
and FVlIa*TF proteolytic activity-dependent (independent of 
the cytoplasmic domain of TF) (7). A growing number of recent 
reports suggest that the later mechanism is a predominant 
mechanism. For example, binding of FVIIa to cell surface TF 
was shown to induce intracellular Ca 2 f oscillations in a num- 
ber of TF expressing cells (9, 10), transient phosphorylation of 
tyrosine in monocytes (11), activation of MAP kinase (12, 13), 
alteration in gene expression in fibroblasts (14), up-regulation 
of urokinase receptor in tumor cells (15), and Egr-1 expression 
in HaCaT cells (16). Because active site-inactivated factor Vila 
(FVllai) fails to induce many of the above signaling responses, 
from Ca 2+ oscillations (10) to MAP kinase activation (12) and 
gene induction (12, 16), it appears that the catalytic activity of 
FVIIa is required for FVIIa-TF-mediated signal transduction. 
Furthermore, specific inhibitors for FXa and/or thrombin failed 
to inhibit the FVIIa-induced signal transduction (12, 13, 16), 
suggesting that the FVIIa-induced signal transduction arises 
directly from FVIIa proteolytic activity and not from possible 
generation of downstream activated coagulation factors, such 
as FXa and thrombin. TF cytoplasmic domain is not required 
for FVIIa-TF-induced proteolytic signaling because cells trans- 
fected with TF mutant lacking the cytoplasmic domain were 
fully capable of mediating FVIIa-induced p44/42 MAP kinase 
phosphorylation (13) and up-regulation of Egr-1 (16). 

At present, it is unclear how various intracellular signals 
induced by proteolytically active FVIIa contribute to patho- 
physiological functions, such as angiogenesis and tumor metas- 
tasis. Studies have shown that the FVTIa*TF complex has a 
strong effect on migration of cultured smooth muscle cells (17) 
and pancreatic cancer cells (15). The catalytic activity of FVIIa 
was essential for the increased cell migration in these cells. In 
preliminary studies, Seigbahn et aL (18) showed that incuba- 
tion of fibroblasts with FVIIa reduces the platelet-derived 
growth factor concentration required to stimulate fibroblast 
migration by a 100-fold. Overall, all of the above data suggest 
that a signaling cascade involving the proteolytic function of 
FVIIa can result in phenotypic changes that are crucial for 
angiogenesis and tumor metastasis. However, so far, no clear 
connection has been established among the various FVIIa- 
induced intracellular changes. Furthermore, it is yet to be 
shown how FVIIa-induced intracellular changes lead to pheno- 
typic changes. One possibility is that FVTIa could induce the 
expression of growth regulators that act downstream to induce 
cellular processes. 
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To investigate the above possibility, in the present study, we 
have examined alterations in gene expression in human fibro- 
blasts in response to FVIIa using cDNA microarray technology, 
Our data reveal that the cellular expression of only very few 
genes was detectably altered in fibroblasts upon exposure to 
FVIIa. Further studies confirmed that FVIIa up-regulated the 
expression of two related genes, Cyr61 and CTGF, which are 
growth factor-inducible immediate early genes, the products of 
which were shown to promote cell adhesion, augment growth 
factor-induced DNA synthesis, and stimulate cell migration in 
fibroblasts and endothelial cells (19). 

MATERIALS AND METHODS 

Cell Culture — A fibroblast cell line derived from normal embryonic 
lung tissue (WI-38, obtained from ATCC, Manassas, VA) was grown in 
Dulbecco's modified Eagle's medium (GLUTAMAX with high glucose 
from Life Technologies, Inc.) supplemented with 10% heat-inactivated 
fetal bovine serum (Cellgro, Herndon, VA), 1% penicillin and strepto- 
mycin (BioWhittaker, Walkersville, MD), and 1% L-glutamine (Bio- 
Whittaker). When the cells reached about 80% confluency, the serum 
containing growth medium was removed and the cells were washed 
once with Dulbecco's modified Eagle's medium and then incubated with 
Dulbecco's modified Eagle's medium for 20-24 h to make the cells 
quiescent. 

Proteins— Recombinant human FVIIa, a gift from Novo Nordisk 
(Gentofte, Denmark), was reconstituted in sterile water at a concentra- 
tion of 1-1.3 mg/ml. The stock FVIIa solutions were checked for con- 
taminating trace levels of endotoxin using limulus amebocyte lysate 
(BioWhittaker), and none was detected (detection level, 30 pg). Active 
site-inactivated factor FVIIa was prepared by incubating recombinant 
human FVIIa with a peptidyl inhibitor, D-Phe -L-Phe-L-Arg c hlorom- 
ethyl ketone, as described earlier (20). Human factor VII was purified 
as described earlier (21). Factor VII preparations contained 0.03-0.4% 
(w/w) FVIIa in them. Human plasma FXa was purified as described 
previously (22) or obtained from Enzyme Research Laboratories (South 
Bend, IN). Thrombin was obtained from Enzyme Research Laborato- 
ries. Recombinant tick anticoagulant protein (TAP) was kindly provided 
by George Vlasuk (Corvas, San Diego, CA) and recombinant hirudin 
was obtained from either Sigma or Calbiochem (San Diego, CA). Prep- 
aration of monospecific, polyclonal rabbit anti-human TF IgG was de- 
scribed earlier (23). Monospecific polyclonal rabbit anti-human factor X 
antiserum was prepared by immunizing a rabbit with purified homog- 
enous human factor X and IgG fractions from the antisera were ob- 
tained by precipitation with 40% ammonium sulfate saturation fol- 
lowed by DEAE-Affi-Gel-Blue chromatography. 

cDNA Microarray — WI-38 cells were cultured to 80% confluency in 
T-75 flasks and serum-deprived for 24 h to cause them to enter the 
quiescent state as described above. The culture medium was replaced 
with fresh serum-free Dulbecco's modified Eagle's medium (supple- 
mented with 5 mM CaCl 2 ) and allowed to stabilize for 2 h in tissue 
culture incubator. Then, the cells were treated with a control medium or 
the medium supplemented with recombinant FVIIa (5 ju-g/ml, 100 nM) 
for 90 min at 37 °C in a culture incubator. At the end of 90 min of 
treatment, total RNA was isolated from the control and FVIIa-treated 
cells using TRIZOL (Life Technologies, Inc.). Poly(A) RNA was purified 
by a double pass over Oligo Tex mRNA isolation columns as described 
in manufacturer's technical bulletin (Qiagen, Valencia, CA), Eight hun- 
dred ng of highly purified poly(A) RNA from the control and FVIIa- 
treated cells were sent for cDNA microarray analysis service (UniGEM 
Human V microarray, Genome Systems Inc, St. Louis, MO). 

Northern Blot Analysis— -Total RNA was prepared using TRIZOL 
reagent from quiescent monolayers of WI-38 cells that were exposed to 
FVIIa and other materials as described under "Results." Northern blot 
analysis was carried out using a standard procedure. Briefly, 10 u.g of 
total RNA was size-fractionated by gel electrophoresis in 1% agar- 
ose/6% formaldehyde gels and transferred onto the nitrocellulose mem- 
brane by a capillary blot method. Northern blots were pre hybridized at 
42 °C for 2 h with a solution containing 50% formamide, 5x SSC, 50 mM 
TrisHCl, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2% polyvi- 
nylpyrrolidone, 0.2% Ficoll, 5 mM EDTA, 100 /ig/ml denatured salmon 
sperm DNA, and 0.2% bovine serum albumin before hybridizing with 
either : ' 2 P-labeled CyrBl or CTGF cDNA probes (10* cpm/ml) in the 
same solution for overnight. The hybridized membranes were exposed 
to either DuPont NEF or Fuji RX x-ray film. For quantification pur- 
poses, the membranes were exposed to phosphor screens for 1-4 h, and 
the exposed screens were analyzed in a Phosphorlmager (Molecular 



Dynamics) using Image-Quant NT software. The units (counts) ob- 
tained in various treatments were normalized to counts present in 
control-treated sample and/or counts present in a positive control, such 
as FVIIa-treated cells. 

FVIIa Binding to Cell Surface TF— 125 I-FVIIa binding to cell surface 
TF was determined as described earlier (24). Briefly, confluent mono- 
layers of WI-38 in 12-well culture plates were incubated for 2 h at 4 °C 
with varying concentrations of 125 I-FVIIa in a calcium-containing 
Hepes buffer (10 mM Hepes, pH 7.5, 150 mM NaCl, pH 7.5, buffer 
supplemented with 5 mM CaCl 2 and 1 mg/ml fatty acid-free bovine 
serum albumin). Then, unbound 125 I-FVTIa was removed, and the 
monolayers were washed four times with the buffer. The cells were 
removed from the well by trypsin digestion and counted for the radio- 
activity to determine the amount of cell-associated FVIIa. Parallel 
experiments were carried out in which the monolayers were first incu- 
bated for 30 min with rabbit anti-human TF IgG (100 /ng/ml) before 
radioactive ligand was added to cells to obtain nonspecific FVIIa bind- 
ing to cell surfaces. TF-specific binding was determined by subtracting 
the nonspecific FVIIa binding values from the corresponding binding 
values obtained in the absence of anti-TF antibody. In general, TF- 
specific binding of 12;3 I-F Vila in WI-38 cells was in the range of 70 - 80%. 

Factor VII Activation — Activation of factor VII bound to WI-38 cells 
was evaluated as described earlier (25). Briefly, monolayers of WI-38 
cells were incubated at 4 °C for 90 min with li:5 I-factor VII (10 nM) in a 
buffer containing benzamidine*HCl (10 mM) and calcium ions (5 mM) to 
allow factor VII binding to TF with minimal activation of factor VII. 
Then, the unbound factor VII was removed, and the monolayers were 
washed three times and overlaid with calcium-containing buffer. At 
indicated time periods, the supernatant was removed from the dish, 
and cell-bound 125 l-factor VII was eluted by incubating cells for 5 min 
with EDTA (5 mM). The eluates were reduced with 10% (v/v) 2-mercap- 
toethanol and subjected to SDS-polyacrylamide gel electrophoresis fol- 
lowed by autoradiography. 

Chromogenic Assay— WI-38 cells were cultured in 96-well culture 
plates and made quiescent as described above. After washing the cells, 
5 ftg/ml (100 nM) FVIIa in 100 /xl of calcium-containing buffer was 
added to the wells containing cells or to the control wells coated with 
buffer (no cells). After 45 min of incubation, 25 /xl of chromogenic 
substrates for FXa or thrombin, i.e. Chromozym X and Chromozym TH 
(1.25 mM), were added to the wells and allowed to stand for 3 h to 
develop color. The plate was read in a microplate reader (Molecular 
Devices) at 405 nm. To establish the sensitivity of the assay to detect 
the generation of traces of FXa and thrombin, trace concentrations of 
factor Xa, 0.1-2 ng/well (20 pM to 0.4 nM), or thrombin, 0.2-10 milli- 
units/well (17 pM to 0.87 nM), were added to directly to cells cultured in 
parallel wells on the same plate before Chromozym X or Chromozym 
TH was added to the wells to develop color. 

RESULTS 

cDNA Microarray— The quiescent human fibroblasts (WI-38) 
were exposed to a control serum-free medium or the serum- free 
medium supplemented with recombinant human FVIIa (5 ug/ 
ml, 100 nM) for 90 min. Poly (A) RNA was purified from these 
samples, and 600 ng of mRNA was labeled with either Cy3 or 
Cy5 fluorescence and then hybridized to the UniGem Human V 
chip containing 8000 sequence-verified expressed sequence 
tags, representing up to 5000 known human genes (service 
performed by Genome System Inc. for a fee). As controls > to 
measure sensitivity, monitor the reverse transcription reaction 
and purification, determine hybridization efficiency, and gain 
an overall view of the quality and performance of the assay, 
several known concentrations of reference cDNA were spiked 
into mRNAs during the probe generation reaction. Analysis of 
these controls indicated the success of hybridization process 
(balance coefficient, 1.69). 

Global analysis of experimental data revealed minimal dif- 
ferences in hybridization signals between the control and 
FVIIa-treated samples. Only a very small number of genes 
showed moderate differential expression. We found up-regula- 
tion of five genes (2-3.5-fold higher in FVIIa treatment), 
whereas one gene was down-regulated upon FVIIa treatment 
(2. 4 -fold lower) (± 2 is a conservative estimate for determining 
the minimum magnitude of real ratios). One of the FVIIa 
up-regulated genes (2.5-fold higher in FVIIa-treated cells), 
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Fig. 1. Time-dependent FVIIa-induced expression of CyrSl. 

Quiescent monolayers of WI-38 cells were treated with FVIIa (100 nM) 
for varying time periods, and total RNA was harvested. Total RNA (10 
/ig) was subjected to Northern blot analysis and probed with radiola- 
beled CyrSl (a partial-length cDNA, obtained from Genome Systems). 
In this and other figures, ethidium bromide staining of 28 S or 18 S 
ribosomal RNA of the corresponding blot is shown in the bottom panel 
as an RNA loading control. 



Cyr61> encodes an extracellular matrix signaling protein that 
was recently shown to promote cell proliferation, migration and 
tumor metastasis (19). It is interesting to note that CTGF, a 
gene belonging to the same family as CyrSl, was at a level 
1.8-fold higher in FVIIa-treated cells than in control cells. A 
repeat of cDNA microarray with mRNA samples obtained in 
cells exposed to FVIIa for 30 min confirmed the up-regulation 
of both Cyr61 and CTGF but not the other genes. 

To validate the data obtained in microarray, we have sub- 
jected the RNA samples from the control and FVIIa-treated 
cells that were originally used for microarray analysis to 
Northern blot analysis and probed with radiolabeled CyrSl 
cDNA. The data show that Cyr61 cDNA probe hybridized to a 
single transcript (approximately 2.0 kilobases) of RNA isolated 
from the control and FVIIa-treated cells. The hybridization 
signal was very faint for the RNA isolated from the control- 
treated cells, and the intensity of hybridization signal was 
higher for the RNA isolated from FVIIa-treated cells (data not 
shown). Quantitation of the signal revealed that the expression 
of CyrSl was 2.8-fold higher in cells exposed to FVIIa over the 
control-treated cells, which correlates well with the data of the 
microarray. 

Kinetics of FVIIa-induced Expression of CyrSl— To deter- 
mine the kinetics of Cyr61 expression, quiescent fibroblasts 
were treated for varying time periods with 100 nM FVIIa. Total 
RNA was extracted and subjected to Northern blot analysis. As 
shown in Fig. 1, CyrSl expression was markedly increased in 
time-dependent manner in FVIIa-treated cells. The expression 
was peaked at about 45 min and thereafter declined close to 
base levels. CyrSl mRNA levels in cells treated with FVIIa for 
45 min were 5-15-fold higher than in cells treated with a 
control vehicle. 

To determine dose dependence of FVIIa, quiescent fibro- 
blasts were treated with varying doses of FVIIa (0.1-5 /ug/ml, 
2-100 nM) for 45 min, and then total RNA samples from the 
cells were subjected to Northern blot analysis. As shown in Fig. 
2A, treatment of fibroblasts with concentrations as low as 2 nM 
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Fig. 2. Dose-dependent FVIIa-induced expression of CyrSl. A, 

quiescent monolayers of WI-38 cells in T-75 flasks were treated with 
varying doses of FVIIa (0, 2, 10, 40, and 100 nM) for 45 min. Total RNA 
(10 fig) was subjected to Northern blot analysis and probed with radio- 
labeled Cyr61. The blots were exposed to phosphor screens, and the 
hybridization signals were quantitated using ImageQuant NT software 
(n = 3), B t WI-38 cells cultured in 12-well plates were incubated for 2 h 
at 4 °C with varying concentrations of 125 I-FVIIa in the presence and 
absence of anti-TF antibodies. FVIIa associated specifically with cell 
surface TF was determined as described under "Materials and Meth- 
ods." Data shown are mean ± S.E. (n = 4), 



FVIIa was sufficient to induce the expression of CyrSl. Treat- 
ment of fibroblasts with 10 nM FVIIa, a concentration equiva- 
lent to the plasma concentration of factor VII, resulted in a 
prominent response, close to the maximal. The kinetics of 
FVIIa-induced dose-dependent expression of CyrSl was quite 
similar to the kinetics of FVIIa binding to TF receptor on WI-38 
cells (Fig. 2B). FVIIa-induced expression of CyrSl is fully de- 
pendent on FVIIa binding to cell surface TF because preincu- 
bation of WI-38 cells with rabbit anti-human TF IgG (100 
jxg/ml) for 30 min before the addition of FVIIa completely 
blocked the FVIIa-induced expression of CyrSl (see Fig. 11). 

In an additional experiment, we investigated whether a 
plasma concentration of factor VTI is sufficient to induce the 
expression of CyrSl. Quiescent fibroblasts were treated with 10 
nM factor VII for varying time periods, and the induction of 
CyrSl gene expression was evaluated by Northern blot analy- 
sis. The data show that a plasma concentration of factor VII 
effectively induced the expression of CyrSl (Fig. 3A). However, 
it requires at least 2 h of incubation with factor VII to induce 
the expression of Cyr61. This is consistent with the observation 
that factor VII bound to cell surface TF was slowly autoacti- 
vated to FVIIa, and a 60-min time period was required for the 
conversion of a substantial amount of factor VII to FVIIa (Fig. 
3B). 

Factor Vila-induced Expression of CTGF— CTGF, a molecule 
structurally related to Cyr61, exhibits biological responses sim- 
ilar to those of Cyr61. Because the relative ratio of CTGF 
expression in FVTIa-treated sample versus the control sample 
in the initial cDNA microarray was 1.8, which was lower than 
a conservative estimate of the lowest possible real magnitude, 
we did not initially choose this for further examination. How- 
ever, after knowing the kinetics of FVIIa-induced expression of 
CyrSl (Le. FVIIa-stimulated expression of CyrSl reached a 
peak at 45 min and thereafter was repressed to base levels 
within 2 h after the stimulation), we thought it possible that 
FVIIa could also induce the expression of CTGF and that the 
minor difference in CTGF expression that we observed in the 
cDNA microarray analysis between the control and FVIIa- 
treated cells might be the result of a 90-min treatment period 
selected for the microarray assay. Therefore, we have tested 
the kinetics of FVIIa-induced expression of CTGF by Northern 
blot analysis. As shown in Fig. 4, FVIIa treatment markedly 
induced the expression of CTGF mRNA steady state levels in a 
time- and dose-dependent manner. The kinetics of FVIIa-in- 
duced expression of CTGF were very similar to the kinetics of 
FVIIa-induced expression of CyrSl. 

Involvement of Transcriptional Mechanism in Accumulation 
of CyrSl and CTGF mRNA in FVIIa-treated Fibroblasts— To 
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Fig. 3. Induction of Cyr61 expression by zymogen factor VII 

(A) correlates with autoactivation of factor VII bound to cells 

(B) . A, quiescent monolayers of WI-38 cells were treated with plasma 
factor VII (0.5 /tg/ml, 10 nM) for varying time periods. Total RNA (10 /xg) 
was subjected to Northern blot analysis and probed with radiolabeled 
Cyr61. B shows the extent of conversion of 126 I-factor VII bound to cells 
to 12r> I-FVIIa at indicated time periods (see under "Materials and Meth- 
ods" for the details). 
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Fig. 4. Time- and dose-dependent FVIIa-induced expression of 
CTGF. Quiescent monolayers of WI-38 cells were treated with 100 nM 
FVIIa for varying time periods (A) or varying doses of FVIIa for 45 min 
(B). Total RNA (10 jig) was subjected to Northern blot analysis and 
probed with radiolabeled CTGF. 



investigate whether transcription is involved in FVTIa-medi- 
ated increase in Cyr61 mRNA steady-state levels, quiescent 
WI-38 cells were incubated with actinomycin-D (10 u-g/ml) for 
30 min before the addition of FVIIa for 45 min. As shown in Fig. 
5, actinomycin-D treatment completely blocked the FVIIa-in- 
duced expression of Cyr6L This finding indicates a transcrip- 
tional mechanism for induction of Cyr61. To investigate 
whether de novo protein synthesis is required for the induction 
of Cyr61 mRNA by FVIIa, WI-38 cells were pretreated with a 
protein synthesis inhibitor, cycloheximide, before the cells were 
exposed to FVIIa for 45 min. As shown in Fig. 5, the stimula- 
tory effect of FVIIa was not blocked by cycloheximide. In fact, 
cycloheximide markedly increased the FVIIa-induced Cyr61 
mRNA accumulation, indicating a rapid degradation of mRNA 
involving a labile protein, a hallmark property of immediate- 
early genes. Similar results were obtained with FVIIa-induced 
expression of CTGF (data not shown). 

Factor Vila Catalytic Activity Is Required for Cyr61 Induc- 
tion — To test whether FVIIa catalytic activity is required for 
the induction of Cyr61 t WI-38 cells were treated with FVIIa 
and FVIIai for 45 min and the expression of Cyr61 was evalu- 
ated by Northern blot analysis. In contrast to FVIIa, FVIIai 
failed to induce the expression of Cyr61 (Fig. 6). These data 
suggest that FVIIa proteolytic activity is required for the in- 
duction of Cyr61. In this context, it may be important to point 
out that FVIIai was shown to bind to cell surface TF with the 
same or higher affinity than FVIIa (20, 26). Furthermore, the 
specific inhibitors of FXa and thrombin, Le, TAP and hirudin, 
respectively, failed to abolish the FVIIa-induced expression of 
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Fig. 5. Effect of actinomycin-D and cycloheximide on FVIIa- 
induced Cyr€l mRNA steady-state levels. Quiescent monolayers of 
WI-38 cells were preincubated with a control vehicle, actinomycin D 
(Act-D) (10 /xg/ml) or cycloheximide (CHX) (10 /ig/ml) for 30 min before 
the cells were exposed to FVIIa (100 n\f) for 45 min. Total RNA (10 /Ltg) 
was subjected to Northern blot analysis and probed with radiolabeled 
Cyr61. 
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Fig, 6. FVIIa catalytic activity is required for the induced 
expression of Cyr61* Quiescent monolayers of WI-38 cells were 
treated with a control serum-free medium or serum-free medium con- 
taining FVIIa (100 nM) or FVIIai (100 nM) for 45 min. Total RNA (10 /-tg) 
was subjected to Northern blot analysis and probed with radiolabeled 
Cyr61. 



Cyr61 (Fig. 7). Quantitation of the hybridization signals from 
several independent experiments showed that TAP partially 
reduced the FVIIa-induced expression of Cyr61 y whereas hiru- 
din had only a minimal effect on the FVIIa-induced gene ex- 
pression. Data for Cyr61 expression were as follows (percent- 
age normalized to basal expression found in untreated cells): 
FVIIa, 684 ± 94%; TAP + FVIIa, 438 ± 135%; hirudin ± 
FVIIa, 571 ± 109% (mean ± S.E., n = 5). Similar data were 
obtained with FVIIa-induced expression of CTGF. Although 
the difference between FVIIa-induced expression of Cyr61 in 
the presence of inhibitors was not statistically significant from 
CyrSl expression in the absence of inhibitors (p = 0.173 for 
FVIIa versus TAP + FVIIa and p = 0.46, FVIIa versus FVIIa + 
hirudin), we cannot entirely discount the inhibitory effect of 
TAP on FVIIa-induced gene expression. At present, it is un- 
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Fig. 7. FVIIa-induced expression of Cyrdl is not abolished by 
specific inhibitors of FXa and thrombin. Quiescent monolayers of 
WI-38 cells were preincubated with a control medium or the medium 
containing 200 nM recombinant TAP or 5 units/ml hirudin for 30 min 
before their exposure to FVIIa (100 um), which was preincubated cor- 
respondingly with either a control medium, TAP, or hirudin. At the end 
of 45 min of treatment with FVIIa, total RNA was harvested and 
subjected to Northern blot analysis using radiolabeled CyrGl. The blots 
were exposed to phosphor screens, and the hybridization signals were 
quantitated using ImageQuant NT software (n = 5, mean ± S.E.). 

clear the reason for this partial inhibitory effect of TAP. It is 
unlikely that the inhibition stemmed from a direct effect of 
TAP on FVTIa-TF catalytic activity because TAP, even at a 
concentration as high as 10 /xm, had no effect on FVIIa-TF 
catalytic activity, whereas 200 nM TAP completely inhibited 
the catalytic activity of FXa (measured in araidolytic activity 
using 20 nM FVIIa-soluble TF complexes or FXa). 

Factor Xa and Thrombin Induce the Expression ofCyr61 and 
CTGF— In addition to FVIIa, we also tested the effect of puri- 
fied plasma FXa and thrombin for their ability to induce the 
expression of CyrGl and CTGF. Preliminary experiments re- 
vealed that both FXa (1 u-g/ml, 20 nM) and thrombin (1 units/ 
ml, 8.6 nM) effectively increased (10- and 25-fold, respectively) 
the steady state levels of both Cyr61 and CTGF mRNA (data 
not shown). In additional experiments, we used varying con- 
centrations of factor Xa and thrombin and found that concen- 
trations as low as 0.2 nM FXa and 0.008 nM thrombin were 
sufficient to induce detectable expression of Cyr61 (Fig. 8) and 
CTGF (data not shown). 

In further experiments, we tested the effect of TAP and 
hirudin on FXa- and thrombin-induced expression of Cyr61. As 
shown in Fig. 9, TAP, as expected, completely inhibited the 
FXa-induced response. It is important to note that hirudin, a 
specific inhibitor of thrombin, also fully inhibited the FXa- 
induced response. These data raise a possibility that traces of 
thrombin, most probably generated on the cell surface by FXa, 
may be responsible for the FXa-induced response. Thrombin- 
induced expression of Cyr61 is fully inhibited by hirudin and 
TAP had no effect on the thrombin-induced gene expression 
(Fig. 9). 

PAR Agonist Peptide-induced Expression of CyrGl— -The 
above data clearly establish that thrombin induces the expres- 
sion of CyrGl. Thrombin was known to activate a number of 
protease-activated receptors, such as PARI, PAR3, and PAR4. 
To determine whether one or more PARs are involved in the 
induction of Cyr61 gene expression, first we examined whether 
WI-38 cells express various PARs by Northern blot analysis. 
These experiments revealed that WI-38 cells express mRNAs 
for all known PARs, PARI, PAR2, PAR3, and PAR4 (data not 



A B 
Xa Thrombin 




Fig. 8. FXa and thrombin induction of Cyr€l. Quiescent mono- 
layers of WI-38 cells were treated with a control medium or the medium 
containing varying concentrations of FXa (A) and thrombin (B) for 45 
min. Total RNA (10 fig) was subjected to Northern blot analysis and 
probed with radiolabeled CyrGl, 




Fig. 9. Effect of TAP and hirudin on FXa- and thrombin-in- 
duced expression of Cyr61. FXa (2 nM) (A) and thrombin (0.1 units/ 
ml, 0.86 nM) (B) were incubated with a control buffer, TAP (200 nM), or 
hirudin (5 units/ml) for 30 min before they were added to quiescent 
WI-38 cells. After 45-min treatment period, total RNA was harvested, 
and Northern blots were probed with radiolabeled Cyr61 cDNA. The 
blots were exposed to phosphor screens, and the hybridization signals 
were quantitated using a Phosphor Imager (mean ± S.E., n = 3 or 4 
experiments). 

shown). Next, we evaluated the ability of various PAR agonist 
peptides to induce the expression of CyrGl. As shown in Fig. 10, 
PARI agonist peptide markedly enhanced, by about 10-fold, 
the expression of CyrGl. PAR2 agonist peptide substantially 
enhanced (4-fold increase) the expression of CyrGl. PAR3 and 
PAR4 agonist peptides have only a minimal effect on the ex- 
pression of Cyr61 . These data suggest that thrombin-induced 
activation of CyrGl gene expression, at least partly, is the 
result of activation of PARI by thrombin. 

FVIIa-induced Expression of CyrGl and CTGF Was Inde- 
pendent of FXa- and Thrombin-induced Response — Because 
our data show that both FXa and thrombin, in addition to 
FVIIa, would also induce the expression of CyrGl and CTGF 
and that the FVIIa-induced response could be partially inhib- 
ited by the specific inhibitor of FXa, TAP, it is important for us 
to address whether FVIIa-induced expression of CyrGl and 
CTGF stems from a direct action of FVIIa-TF or an indirect 
effect, mediated by generation of FXa and thrombin. We have 
used multiple independent approaches to address this. 

First, we measured for possible generation of FXa and 
thrombin in our experimental system by using sensitive chro- 
mogenic assays. WI-38 cells were cultured in 96- well culture 
plates and then made quiescent using the same protocol that 
was used to measure FVIIa-induced expression of CyrGl. FVTIa 
( 100 nM in 100 ul of calcium-containing; buffer) was added to 
the wells containing the cells or to control wells that were 
coated with bovine serum albumin (no cells) and allowed to 
incubate for 45 min. The generation of FXa and thrombin in the 
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Fig. 10. Effect of PAR agonist peptides on Cyr61 gene expres- 
sion. Quiescent monolayers of WI-38 cells were treated with control 
medium or the medium containing synthetic PAR agonist peptides (25 
jam) for 45 min. Total RNA (10 /ig) was subjected to Northern blot 
analysis and probed with radiolabeled Cyr61. The blots were exposed to 
phosphor screens and the hybridization signals were quantitated using 
a Phosphorlmager (mean ± S.E., n = 3). PAR agonist peptides were as 
follows: SFLLRN (PARI), SLIGRL (PAR2), TFRGAP (PAR3), and 
GYPGQV (PAR4). 

wells was monitored as described under "Materials and Meth- 
ods " Minimal differences were found in the absorbance at 405 
nm between the wells that contain cells (A = 0.062; mean of 
two experiments done in duplicate) and the control wells (no 
cells) (A = 0.057). These readings are at the lower end of 
detection limit of FXa and thrombin (20 pM), close to a blank 
value. In this assay, 100 pM FXa gave a reading of A = 0.28 and 
1 milliunits/well thrombin (85 pM) gave a reading of 0.19. These 
data document that WI-38 cells do not generate detectable 
levels of FXa or thrombin endogenously upon exposure to 
FVIIa. 

Next, we tested the effect of neutralizing anti-FX IgG on 
FVIIa-induced expression of CyrGl. As shown in Fig. 11, an- 
ti-TF IgG blocked the FVIIa-induced response, whereas anti- 
FX -IgG had a minimal effect on the FVIIa-induced response. As 
a control, anti-FX IgG was shown to effectively inhibit the 
FXa-induced response. Anti-TF IgG had no effect on the FXa- 
induced expression of Cyr61. These data, coupled with the 
above observations, confirm that FXa is not involved in the 
FVIIa-induced expression of Cyr61. 

Desensitization of Tiansducing Receptors — The active site 
requirement of FVIIa to induce gene expression suggests that 
FVIIa induces signaling through proteolysis of a membrane- 
associated protein, possibly a PAR. Protease-induced PAR ac- 
tivation results in cleavage of the receptor and the subsequent 
internalization and degradation of the receptor. This makes 
cells refractory to a subsequent protease-induced response via 
the same receptor. We have used this property to test whether 
FVIIa-induced signaling involves the activation of the same 
receptor(s) that was activated by thrombin. Quiescent WI-38 
cells were exposed to FVIIa or thrombin for 3 h to desensitize 
transducing receptors and then subsequently treated for 45 
min with FVIIa, FXa or thrombin to induce the expression of 
Cyr61. As shown in Fig. 12A, preexposure of cells to FVIIa 
completely desensitized the cells to the subsequently added 
FVIIa but not to FXa or thrombin. In reciprocal experiments, 
preexposure of cells to thrombin not only desensitized the 
thrombin-induced response but also desensitized the FVIIa- 
and FXa-induced response. 

Additional desensitization experiments conducted with 
PARI peptide agonist revealed that preexposure of cells to 
PARI peptide agonist did not make the cells fully refractory to 
the subsequent stimulus with FVIIa or thrombin. For example, 
FVIIa and thrombin increased the expression of Cyr61 by 3- 
and 6-fold, respectively, in cells that were pretreated with 
PARI agonist peptide for 3 h (Fig. 13). However, the fold 
increase in Cyr61 expression was substantially lower in PARI 
peptide pretreated cells compared with the cells that were not 
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Fig. 11. Effect of anti-TF and anti-FX IgG on FVIIa- and FXa- 
induced expression of Cyr61. Quiescent monolayers of WI-38 cells 
were incubated with either control IgG, rabbit anti-human TF IgG, or 
rabbit anti-human FX IgG (100 ^g/ml) for 30 min. Similarly, FVIIa (100 
nM) and FXa (20 nw) were also incubated with antibodies before they 
were added to the cells. Cells were treated with FVIIa and FXa with or 
without antibodies for 45 min. Total RNA (10 ^g) was subjected to 
Northern blot analysis and probed with radiolabeled Cyr61. A shows a 
representative autoradiograph, and B shows quantitative data. 

pretreated with PARI peptide agonist. In a reciprocal experi- 
ment, preexposure of cells to FVIIa had no effect on PARI 
agonist peptide-induced expression of Cyr61. 

In further experiments, to assess the involvement of PAR2, 
quiescent fibroblasts were treated with PAR2 peptide agonist 
(25 /am) for 3 h before they were stimulated with FVIIa for 45 
min. The data show that PAR2 desensitization had no signifi- 
cant effect on FVIIa-induced expression of Cyr61. The mean 
data from two experiments as follow (shown as a percentage of 
control): PAR2 peptide for 45 min, 517%; PAR2 peptide for 3 h, 
88%; PAR2 peptide for 3 h + PAR2 peptide for 45 min, 186%; 
PAR2 peptide for 3 h + FVIIa for 45 min, 763%; FVIIa for 45 
min, 1085%. 

Overall, the above desensitization studies with FVIIa, 
thrombin, and PAR peptide agonists suggest that FVIIa-in- 
duced expression of Cyr61 does not involve the activation of 
PARI and PAR2 and that thrombin up-regulates the expres- 
sion Cyr61 through more than one pathway, one being the 
activation of PARI. 

Effect of Various Intracellular Inhibitors on FVIIa- and 
Thrombin-induced Up-regulation of Cyr61—To further 
strengthen the observation that FVIIa and thrombin up-regu- 
late the expression of Cyr61 through activation of different 
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Fig. 12. Desensitization of protease-mediated Cyr€l gene ex- 
pression. Quiescent monolayers of WI-38 cells were treated with FVIIa 
(100 nM) (A) or thrombin (0.85 nM) (B) for 45 or 180 min. The monolay- 
ers that were exposed to FVIIa or thrombin for 180 min were subse- 
quently treated for 45 min with a fresh addition of FVIIa (100 nM), FXa 
(20 nM), or thrombin (0.85 nM). Total RNA (10 /utg) was subjected to 
Northern blot analysis and probed with radiolabeled Cyr61. The top 
panels show autoradiographs from a representative experiment, and 
the bottom panels show quantitative data (// = 4, mean ± S.E.). For 
quantitative purposes, CyrGl mRNA levels measured in quiescent cells 
treated with a control serum-free medium in the same experiment was 
taken as 100% . 



signaling pathways, we have investigated the effect of various 
intracellular inhibitors on FVIIa- and thrombin-induced ex- 
pression of Cyr61. As shown in Fig. 14, cholera toxin signifi- 
cantly inhibited both the FVIIa- and thrombin-enhanced ex- 
pression of Cyr61 y by 96 and 66%, respectively. MAP kinase 
inhibitor, PD 98059, markedly impaired (87% inhibition) the 
FVIIa-mediated increased expression of Cyr61, whereas it had 
a minimal effect (25% inhibition) on the thrombin-induced ex- 
pression of Cyr61. Similarly, a protein tyrosine kinase inhibi- 
tor, herbimycin, and a phospholipase C inhibitor, U73122, sup- 
pressed the FVIIa-induced response by 52% and 80%, 
respectively, whereas they minimally inhibited (less than 25%) 
the thrombin-induced expression of Cyr61. The slight inhibi- 
tion in the thrombin-induced expression of Cyr61 observed in 
cells treated with PD98059, herbimycin, and U73122 was not 
statistically significant (p values were 0.35 or higher when 
compared with thrombin-induced expression of Cyr61 in the 
absence of inhibitors), whereas their effect on FVIIa-induced 
expression was highly (p < 0.01 for PD 98059 and U73122) or 
moderately (p = 0,07 for herbimycin) significant. In contrast to 
the above inhibitors, a specific PI3-kinase inhibitor, LY 
294002, markedly impaired both the FVIIa- and thrombin- 
induced expression of Cyr61 (100% and 80%, respectively). 
These data suggest that FVIIa and thrombin, predominantly, 
signal through the activation of two different signaling path- 
ways, which could merge and/or overlap downstream. 
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Fig. 13. Effect of PARI peptide pretreatment on FVIIa- and 
thrombin-induced expression of Cyr61. Quiescent monolayers of 
WI-38 cells were treated with PARI peptide (25 /am) for 45 min or 3 h. 
The cells that were treated with PARI peptide for 3 h were restimulated 
for 45 min with the subsequent addition of FVIIa (100 nM) or thrombin 
(0.85 nM). In parallel, cells were treated with FVIIa (100 nM) for 3 h 
followed by PARI peptide (25 /am) for 45 min. Total RNA (10 fig) was 
subjected to Northern blot analysis and probed with radiolabeled 
Cyr61 t and hybridization signals were quantitated using a Phospho- 
rlmager (n = 4, mean ± S.E.). 

DISCUSSION 

The primary function of plasma clotting FVIIa, upon its 
binding to TF on the cell surface, is to initiate blood coagula- 
tion. A number of recent studies suggest that FVIIa binding to 
TF not only triggers the coagulation cascade but also leads to 
other cellular processes such as angiogenesis and tumor me- 
tastasis (2). It is not yet clear how FVIIa»TF influences such 
complex biological processes. Although a number of recent re- 
ports (see Ref 7) show that binding of FVIIa to TF induces 
intracellular signaling, it is unknown how these specific cellu- 
lar events influence biological functions. One possibility is that 
FVIIa-induced signaling could lead to expression of growth 
regulators that act downstream to induce cellular processes. To 
investigate this possibility, in the present study, we have ex- 
posed human fibroblasts to FVIIa and examined changes in the 
transcriptional program using a cDNA microarray. We chose 
fibroblasts because these cells normally encounter serum, 
which contain growth factors and activated clotting factors in 
the context of vascular injury due to physical (e.g. surgery) or 
pathophysiological conditions. Furthermore, the temporal pro- 
gram of gene expression observed in response to serum sug- 
gests that fibroblasts are programmed to interpret the abrupt 
exposure to serum not as a general mitogenic stimulus but as a 
specific physiological signal (27). Characterization of transcrip- 
tional activation in response to serum and growth factors also 
suggests that fibroblasts are active participants in a conversa- 
tion among the diverse cells that collectively control inflamma- 
tion, angiogenesis, and wound healing (27). 

cDNA microarray analysis with mRNA isolated from fibro- 
blasts exposed to FVIIa for 90 min suggested a possible up- 
regulation of Cyr61. Northern blot analysis confirmed these 
data. In addition to CyrGl, the cDNA microarray also showed 
differential expression of four other genes, but the differential 
expression ratio was very close to the borderline significance, 
and in subsequent preliminary experiments, we could not con- 
firm their differential expression by Northern blot analysis. In 
addition to Cyr61, FVIIa also up-regulated the expression of 
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Fig. 14. Effect of various intracellular inhibitors on FVIIa- 
and thrombin-induced up-regulation of Cyr61 mRNA in WI-38 
cells. Quiescent monolayers of WI-38 cells were preincubated with 
inhibitors for 1 h prior to the addition of FVlIa (100 nM) (A) or thrombin 
(0.85 nM) (B). Total RNA was harvested 45 min after the addition of 
FVIIa or thrombin and subjected to Northern blot analysis using radio- 
labeled CyrSl cDNA. The concentrations of inhibitors used were as 
follows: PD98059, 25 /am; U73122, 50 j*m; herbimycin, 5 fill; LY294002, 
50 tiM; and cholera toxin, 1 fig/mi. The top panels show autoradiography 
from a representative experiment, and the bottom panels show quanti- 
tative data {n = 4, mean ± S.E.). For quantitative purposes, Cyr61 
mRNA levels measured in quiescent cells treated with a control serum- 
free medium in the same experiment was taken as 100% 



CTGF, a structurally related molecule, which elicits biological 
responses similar to those of Cyr61. FVIIa-induced expression 
of Cyr61 and CTGF was transient and FVIIa dose-dependent. 
The expression levels peaked between 30 and 60 min and 
thereafter reduced close to base levels in 2-3 h (Figs. 1 and 4). 
The kinetics of FVIIa dose-dependent expression of Cyr61 was 
quite similar to the kinetics of FVIIa binding to TF. A low 
concentration of FVIIa (2 nM), well below the level of the cor- 
responding circulating zymogen, is sufficient to induce the ex- 
pression of Cyr61, and the expression levels reached a point 
close to maximal expression at 10 nM FVIIa (Fig. 2). 

Induction of both Cyr61 and CTGF expression was depend- 
ent on FVIIa binding to cell surface TF because anti-TF IgG 
was shown to completely block the FVIIa-induced expression of 
both Cyr61 and CTGF. The catalytic activity of FVIIa is essen- 
tial for its ability to induce the expression of Cyr61 and CTGF, 
as evidenced by the inability of active site-inactivated FVIIa, 
which binds to TF with the same or a higher affinity than 
FVIIa (20), to up-regulate the gene expression. Although FXa 
and thrombin could also induce the expression of CyrOl, it is 
unlikely that they are involved in the FVIIa-induced expres- 
sion of CyrSl. We found no evidence for the generation of traces 
of FXa and thrombin in our experimental system. Further- 
more, hirudin, a specific inhibitor of thrombin, failed to sup- 
press the FVIIa-induced expression of Cyr61. Although TAP, a 
specific inhibitor of FXa, partially inhibited the FVIIa-induced 
response, this cannot be viewed simply as FXa being responsi- 



ble for the FVIIa-induced response, because all of the remain- 
ing experimental data provide support to a contrary notion. 
These other data are as follows: (i) no traces of FXa generation 
in our experimental system (detection limit, 20 pM, a concen- 
tration well below the concentration of FXa required to induce 
Cyr61); (ii) neutralizing anti-FX antibodies failed to suppress 
the VTIa-induced response, whereas they effectively blocked 
the FXa-induced response (Fig. 11); and (iii) hirudin completely 
suppressed the FXa-induced response (Fig. 9), whereas it had 
no significant effect on the FVIIa-induced response (Fig. 7). 
These data suggest that FVIIa-induced expression of Cyr61 is 
independent of FXa and that the FXa-induced expression of 
Cyr61 might have stemmed from generation of undetectable 
levels of thrombin in our experimental system. In this context, 
it may be pertinent to point out that FXa used in present study, 
although highly purified and apparently homogenous, is de- 
rived from plasma and as low as 8 pM thrombin (which is below 
our detection limit) is sufficient to induce the expression of 
Cyr61. 

The observation that FVIIa proteolytic activity is required 
for FVIIa-induced expression of CyrSl and CTGF suggests two 
possible mechanisms by which FVIIa could act. One possibility 
is that FVTIa could release, by its proteolytic action, a growth 
factor-like substance (which might have been sequestered on 
the cell surface or the extracellular matrix) that directly links 
to signal transducing receptor system. Factor Xa (28) and 
thrombin (29) have been shown to cause an autocrine release/ 
expression of growth factors. However, this possibility is un- 
likely because exposure of cells that were preincubated with 
anti-TF IgG (to block the direct action of FVIIa) to FVIIa 
conditioned medium did not lead to up-regulation of Cyr61 
expression (data not shown). Rapid induction o(Cyr61 by FVIIa 
precludes the possible involvement of de novo synthesized 
growth factors in FVIIa-induced response. Furthermore, cyclo- 
heximide, the protein synthesis inhibitor, failed to block the 
FVIIa-induced expression of both Cyr61 and CTGF. These data 
are consistent with our recent observation that FVTIa-condi- 
tioned medium failed to induce MAP kinase activation in baby 
hamster kidney cells transfected with TF (30). 

A second and more likely possibility is that FVIIa proteolyti- 
cally activates a cell surface receptor, akin to a PAR. Earlier 
studies, using Ca 24 ^ release (10, 30), up-regulation of Egr-1 
mRNA (16), and MAP kinase activation (13) as markers for 
FVIIa-induced signaling, suggested this possibility. However, a 
direct evidence is lacking for this. So far, four PARs (PARI, 
PAR2, PAR3, and PAR4) have been identified. Northern blot 
analysis of RNA isolated from WI-38 cells with various PAR- 
specific cDNA probes demonstrated that WI-38 cells express all 
known PARs (data not shown). Therefore, all four known PARs 
are potential candidate substrates for FVTIa. Thrombin acti- 
vates PARI, PAR3, and PAR4 and thus is likely to desensitize 
these receptors (31). Pretreatment of the cells with thrombin 
down-regulated the ability of FVIIa to induce the expression of 
Cyr61, raising the possibility that FVIIa may be activating one 
of the thrombin-activable PARs. Experiments with PAR-spe- 
cific peptide agonists revealed that PARI and PAR2 peptide 
agonists, and not other peptide agonists, substantially up-reg- 
ulated the expression of CyrBl (Fig. 10) and CTGF (data not 
shown). However, unlike thrombin, PARI peptide agonist pre- 
treatment did not fully abolish the FVIIa-induced response. 
Similarly, desensitization with PAR2 peptide agonist had no 
substantial effect on the FVIIa-induced response. The cumula- 
tive data of these experiments suggest, although they do not 
prove, that FVIIa-induced expression of Cyr61 does not involve 
any known PARs. Although such a conclusion is in full agree- 
ment with the conclusion reached in recent studies (16, 30), our 
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data differ from the data of these studies in one main aspect. 
Earlier studies, which used different cell types, showed that 
receptors down regulated by thrombin were not involved in 
FVIIa-induced signaling events (16, 30), whereas the present 
data show that thrombin treatment down regulated the FVIIa- 
induced response. A possible explanation for these differences 
could be that FVIIa may be activating more than one type of 
PAR, the expression of which is cell-specific. Alternatively, in 
our experiments, thrombin desensitized the FVIIa-induced re- 
sponse not because they share a common receptor but because 
the thrombin-induced signal pathways consumed one or more 
of downstream mediators that are necessary for the FVIIa- 
induced response. The latter possibility may also explain why 
PARI peptide pretreatment partially reduced the FVIIa-in- 
duced response. The observation that PARI peptide pretreat- 
ment did not completely abolish the thrombin-induced expres- 
sion of Cyr61 suggests that thrombin may also up-regulate the 
expression of Cyr61 via an additional pathway. 

Induction of Cyr61 by both FVIIa and thrombin was abro- 
gated by cholera toxin, which supports the involvement of 
G-protein, Gs, in FVIIa and thrombin-mediated signal trans- 
duction in WI-38 cells. PLC-inhibitor U73122 and MAP kinase 
inhibitor PD98059 markedly suppressed the FVIIa-induced ex- 
pression of Cyr61 but had only minimal effect on thrombin- 
induced expression of Cyr61. These data suggest that FVIIa 
induces the expression of Cyr61 via PLC through the activation 
of MAP kinase. These observations are consistent with the 
earlier observations made with FVIIa-induced expression of 
Egr-1 (16) and the fact that FVIIa-induces the activation of 
MAP kinase in many cell types expressing TF (12). LY 294002, 
the specific PI 3-kinase inhibitor, inhibited both the FVIIa- and 
thrombin-induced response, indicating that the second messen- 
ger, IP3, is a common mediator of the two responses. The 
differential effect of various cellular inhibitors on FVIIa- and 
thrombin-induced up-regulation of Cyr61 further strengthens 
our conclusion that FVIIa-induced up-regulation of Cyr61 does 
not involve the action of thrombin. 

At present, it is unknown whether TF cytoplasmic tail plays 
any role in FVIIa-induced expression of Cyr61 and CTGF. 
Experiments conducted with baby hamster kidney cells trans- 
fected with full-length TF and cytoplasmic tail deleted TF (13) 
did not provide any meaningful data. Human Cyr61 cDNA 
probe hybridized to multiple RNA species in both control and 
FVIIa-treated baby hamster kidney cells. However, based on 
earlier studies, which showed FVIIa-induced activation of MAP 
kinase (13) and Egr-1 induction (16) were independent of TF 
intracellular domain, it seems unlikely that TF cytoplasmic tail 
plays a role in FVIIa-induced gene expression in fibroblasts. 
Although TF cytoplasmic domain was shown to be required in 
mediating some specific cellular events (32, 33), it should be 
noted that these events were independent of FVIIa. 

Cyr61 is an immediate-early gene that is transcriptionally 
activated by serum growth factors in fibroblasts (34). It encodes 
a secreted 40-kDa, cysteine-rich and heparin-binding protein 
that associates with extracellular matrix and cell surfaces (35). 
Cyr61 is a member of an emerging gene family of conserved and 
modular proteins characterized by the presence of an N-termi- 
nal secretory signal, followed by four modular structural do- 
mains and 38 cysteine residues that are largely conserved 
among members of the family (19). The Cyr61 protein is shown 
to (i) promote the attachment and spreading of endothelial cells 
in a manner similar to that of fibronectin, (ii) enhance the 
effects of basic fibroblast growth factor and platelet-derived 
growth factor on the rate of DNA synthesis of fibroblasts and 
vascular endothelial cells, and (iii) promote cell migration in 
both fibroblasts and endothelial cells (36). Recent studies show 



that Cyr61 acts as a ligand to integrin a v j3 3 (37), an adhesion 
receptor known to be involved in signaling that regulates a 
number of cellular processes including angiogenesis and tumor 
metastasis (38, 39). Expression of CyrGl in tumor cells was 
shown to promote tumor growth and vascularization (40). 
Thus, it is possible that the FVIIa-induced expression of Cyr61, 
acting through integrin c^fe, may play an important role as a 
downstream mediator in mediating FVTIa'TF-induced effect, 
such as promotion of angiogenesis and tumor metastasis. The 
observations that FVIIa catalytic activity is required for migra- 
tion of various cell types (15, 17, 18) and tumor metastasis (6, 
41) are consistent with the requirement of FVIIa catalytic 
activity for the induction of Cyr61. 

Although CTGF behaves very similar to Cyr61, subtle differ- 
ences exists between them (see Refs. 19 and 42). For example, 
(i) CTGF has shown to be mitogenic in itself, whereas Cyr61 
has no intrinsic mitogenic activity but augments growth factor- 
induced DNA synthesis; (ii) Cyr61 stimulates chemotaxis, 
whereas CTGF stimulates both chemotaxis and chemokinesis; 
and (iii) although both Cyr61 and CTGF are extracellular ma- 
trix-associated signaling molecules, CTGF is shown to secrete 
into culture medium (43). Thus, it is possible that FVIIa could 
regulate cellular functions locally via CyrGl, whereas FVIIa 
acts at a distance from its site through the secretion of CTGF. 

It is interesting to note that, similar to TF expression (44- 
46), CTGF mRNA is undetectable in normal blood vessels but 
overexpressed in atherosclerotic lesions (47). In atherosclero- 
sis, high levels of CTGF expression may be responsible for 
extracellular matrix accumulation and thus progression of ath- 
erosclerotic lesions (48). It is possible that overexpression of 
CTGF in atherosclerotic plaque could have been the result of 
increased expression ofTFin atherosclerotic plaque. Activation 
of TF-mediated coagulation pathway not only plays a major 
role in determining plaque thrombogenicity but may also have 
other effects on the vessel wall (49). For example, thrombin (50, 
51) and FXa (52), the intermediatory byproducts FVUa-TF 
coagulation pathway, are shown to promote vascular smooth 
cell proliferation and thus may play a role in the development 
of intimal hyperplasia. More importantly, recent studies sug- 
gest that FVIIa-TF may have direct effect on aortic smooth cell 
migration and neonatal aortic smooth cell proliferation (17, 53, 
54). It is possible that some, if not all, of these events are 
mediated by FVIIa-TF-induced expression of CTGF. If so, 
CTGF may represent the downstream effector for FVIIa-TF, 
Currently, we are in the process of developing the necessary 
reagents (recombinant Cyr61 and CTGF proteins and antibod- 
ies against them) to test the above possibilities. 
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